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Coffee is one of the most widely consumed beverages in the world and is also a major source of
caffeine for most populations [1]. This special issue of Nutrients, “The Impact of Caffeine and Coffee
on Human Health” contains nine reviews and 10 original publications of timely human research
investigating coffee and caffeine habits and the impact of coffee and caffeine intake on various diseases,
conditions, and performance traits.

With increasing interest in the role of coffee in health, general knowledge of population
consumption patterns and within the context of the full diet is important for both research and
public health. Reyes and Cornelis [1] used 2017 country-level volume sales (proxy for consumption)
of caffeine-containing beverages (CCBs) to demonstrate that coffee and tea remain the leading CCBs
consumed around the world. In a large coordinated effort spanning 10 European countries, Landais
et al. [2] quantified self-reported coffee and tea intakes and assessed their contribution to the intakes
of selected nutrients in adults where variation in consumption was mostly driven by geographical
region. Overall, coffee and tea contributed to less than 10% of the energy intake. However, the greatest
contribution to total sugar intake was observed in Southern Europe (up to ~20%). These works not
only emphasize the wide prevalence of coffee and tea drinking, but also the need for data on coffee
and tea additives in epidemiological studies of these beverages in certain countries as they may offset
any potential benefits these beverages have on health.

Doepker et al. [3] provided a user-friendly synopsis of their systematic review [4] of caffeine
safety, which concluded that caffeine doses (400 mg/day for healthy adults, for example) previously
determined in 2003 [5] as not to be associated with adverse effects, remained generally appropriate
despite new research conducted since then. Further concerning caffeine safety is the systematic
review of caffeine-related deaths by Capelletti et al. [6]. Suicide, accidental, and intentional poisoning
were the most common causes of death and most cases involved infants, psychiatric patients, and
athletes. Both Doepker et al. [3] and Capelletti et al. [6] alluded to the increasing interest in the area of
between-person sensitivity resulting from environmental and genetic factors, of which the latter is a
topic of additional papers in this special issue and thus reiterates this interest.

Advancements in high-throughput analyses of the human genome, transcriptome, proteome, and
metabolome have presented coffee researchers with an unprecedented opportunity to optimize their
research approach while acquiring mechanistic and causal insight to their observed associations [7].
Three timely reviews [8-10] and an original report [11] addressed the topic of human genetics and
coffee and caffeine consumption. Interest in this area received a boost by the success of genome-wide
association studies (GWAS), which identified multiple genetic variants associated with habitual coffee
and caffeine consumption as discussed by Cornelis and Munafo [8] in their review of Mendelian
randomization (MR) studies on coffee and caffeine consumption. MR is a technique that uses genetic
variants as instrumental variables to assess whether an observational association between a risk factor
(i.e., coffee) and an outcome aligns with a causal effect. The application of this approach to coffee and
health is growing, but has important statistical and conceptual challenges that warrant consideration
in the interpretation of the results. Southward et al. [9] and Fulton et al. [10] reviewed the impact of
genetics on physiological responses to caffeine. Both emphasized a current clinical interest limited to
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CYP1A2 and ADORA2A variations, suggesting opportunities to expand this research to more recent
loci identified by GWAS. Despite the advancements in integrating genetics into clinical trials of caffeine,
such designs remain susceptible to limitations [9,10,12,13]. Some of these limitations were further
highlighted by Shabir et al. [14] in their critical review on the impact of caffeine expectancies on sport,
exercise, and cognitive performance. Interestingly, the original findings from a randomized controlled
trial of regular coffee, decaffeinated coffee, and placebo suggested the stimulant activity of coffee
beyond its caffeine content, raising issues with the use of decaffeinated coffee as a placebo [15].

The impact of coffee intake on gene expression and the lipidome were investigated by
Barnung et al. [16] and Kuang et al. [17], respectively. Barnung et al. [16] reported on the results
from a population-based whole-blood gene expression analysis of coffee consumption that pointed to
metabolic, immune, and inflammation pathways. Using samples from a controlled trial of coffee intake,
Kuang et al. [17] reported that coffee intake led to lower levels of specific lysophosphatidylcholines.
These two reports provide both novel and confirmatory insight into mechanisms by which coffee
might be impacting health and further demonstrate the power of high-throughput omic technologies
in the nutrition field.

Heavy coffee and caffeine intake continue to be seen as potentially harmful on pregnancy
outcomes [18]. Leviton [19] discussed the biases inherent in studies of coffee consumption during
pregnancy and argued that all of the reports of detrimental effects of coffee could be explained by one
or more of these biases. The impact of dietary caffeine intake on assisted reproduction technique (ART)
outcomes has also garnered interest. An original report by Ricci et al. [20] in this special issue found
no relationship between the caffeine intake of subfertile couples and negative ART outcomes.

Van Dijk et al. [21] reviewed the effects of caffeine on myocardial blood flow, which support a
significant and clinically relevant influence of recent caffeine intake on cardiac perfusion measurements
during adenosine and dipyridamole induced hyperemia. Original observational reports on the
association between habitual coffee consumption and liver fibrosis [22], depression [23], hearing [24],
and cognition indices [25] have extended the research in these areas to new populations.

Finally, given the widespread availability of caffeine in the diet and the increasing public and
scientific interest in the potential health consequences of habitual caffeine intake, Reyes and Cornelis [1]
assessed how current caffeine knowledge and concern has been translated into food-based dietary
guidelines (FBDG) from around the world; focusing on CCBs. Several themes emerged, but in general,
FBDG provided an unfavorable view of CCBs, which was rarely balanced with recent data supporting
the potential benefits of specific beverage types.

This collection of original and review papers provides a useful summary of the progress on
the topic of caffeine, coffee, and human health. It also points to the research needs and limitations
of the study design, which should be considered going forward and when critically evaluating the
research findings.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Coffee is widely consumed and contains many bioactive compounds, any of which may
impact pathways related to disease development. Our objective was to identify individual lipid
changes in response to coffee drinking. We profiled the lipidome of fasting serum samples collected
from a previously reported single blinded, three-stage clinical trial. Forty-seven habitual coffee
consumers refrained from drinking coffee for 1 month, consumed 4 cups of coffee/day in the
second month and 8 cups/day in the third month. Samples collected after each coffee stage were
subject to quantitative lipidomic profiling using ion-mobility spectrometry-mass spectrometry.
A total of 853 lipid species mapping to 14 lipid classes were included for univariate analysis.
Three lysophosphatidylcholine (LPC) species including LPC (20:4), LPC (22:1) and LPC (22:2),
significantly decreased after coffee intake (p < 0.05 and g < 0.05). An additional 72 species mapping to
the LPC, free fatty acid, phosphatidylcholine, cholesteryl ester and triacylglycerol classes of lipids
were nominally associated with coffee intake (p < 0.05 and g > 0.05); 58 of these decreased after coffee
intake. In conclusion, coffee intake leads to lower levels of specific LPC species with potential impacts
on glycerophospholipid metabolism more generally.

Keywords: coffee; caffeine; lipids; biomarkers; trial; lysophosphatidylcholine; lipidomics

1. Introduction

Coffee is one of the most widely consumed beverages in the world and has been implicated in
numerous diseases such as type 2 diabetes (T2D) and cardiovascular disease [1-4]. The causal and
precise molecular mechanisms that underlie the beneficial and adverse effects of coffee remain unclear.
Coffee is the major source of caffeine for many populations [5], but it also contains hundreds of other
compounds, many of which might impact pathways related to disease development or prevention [6].

High-throughput omic profiling techniques enable thorough studies of an individual’s response
to coffee intake and provide potentially new mechanistic insight to the role coffee plays in health [7,8].

Nutrients 2018, 10, 1851; d0i:10.3390 /nu10121851 5 www.mdpi.com/journal/nutrients



Nutrients 2018, 10, 1851

We recently performed a comprehensive metabolomics study of coffee consumption leveraging serum
samples collected during a coffee trial [8,9]. Over 100 metabolites were significantly associated
with coffee intake; several mapping to xanthine, benzoate, steroid, endocannabinoid and fatty acid
(acylcholine) metabolism. We extend this work to comprehensive lipid profiling for the first time.
Lipid molecules are a subset of the metabolome and serve as ubiquitous and essential multifunctional
metabolites [10]. Lipids are directly exposed to intracellular and extracellular biochemical changes and
as a result undergo various modifications themselves [10]. Our objective was to identify individual
lipid changes in response to coffee in order to gain more insight into biological mechanisms by which
coffee may impact health.

2. Subjects and Methods

2.1. Coffee Trial

Serum samples analyzed in the current study were obtained from participants completing an
investigator-blinded, three-stage controlled trial in 2009-2010 that lasted for 3 months (Supplementary
Note 1, ISRCTN registry: ISRCTN12547806) [9]. Briefly, habitual coffee consumers <65 years of age,
residing in Finland, free of T2D, but with an elevated risk of T2D were eligible for participation.
The participants received packages of coffee and brewed the coffee daily at home with their own
coffee machine using paper filters. During the first month, participants refrained from drinking coffee,
whereas in the second month they were instructed to consume 4 cups coffee/day (1 cup = 150 mL,
Juhla Mokka brand) and in the third month 8 cups/day. Of the 49 participants recruited, 47 completed
the trial. Baseline characteristics of these 47 participants are shown in Table S1. Several clinical
biomarkers were measured and analyzed as part of the initial report as previously described [9].
Serum concentrations of total cholesterol, High-density lipoprotein (HDL) cholesterol, apo A-I and
adiponectin increased significantly in response to coffee intake, whereas interleukin-18, 8-isoprostane,
and the ratios of low-density lipoprotein (LDL) to HDL cholesterol and of apo B and apo A-I decreased
significantly. The trial was conducted in accordance with the Declaration of Helsinki (1964), as amended
in South Africa (1996), and approved by Joint Authority for the Hospital District of Helsinki and
Uusimaa Ethics Committee, Department of Medicine, Helsinki, Finland. Written informed consent
was obtained from all participants.

2.2. Lipidomics Assay, Data Acquisition and Processing

Lipid species were measured in fasting serum samples collected after each coffee stage (True
Mass Complex Lipid Panel, Metabolon, Research Triangle Park, NC, USA). Lipids were extracted from
samples using dichloromethane and methanol in a modified Bligh-Dyer extraction in the presence
of internal standards with the lower, organic, phase being used for analysis. The extracts were
concentrated under nitrogen and reconstituted in 0.25 mL of dichloromethane:methanol (50:50)
containing 10 mM ammonium acetate. The extracts were placed in vials for infusion-mass spectrometry
(MS) analyses, performed on a SelexION equipped Sciex 5500 QTRAP using both positive and negative
mode electrospray. Each sample was subjected to two analyses, with ion mobility spectrometry
(IMS)-MS conditions optimized for lipid classes monitored in each analysis. The 5500 QTRAP
was operated in MRM mode to monitor the transitions for over 1100 lipids from up to 14 lipid
classes including cholesteryl esters (CE), triacylglycerols (TAG), diacylglycerols (DAG), free fatty
acids (FFA), phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylinositols
(PI), lysophosphatidylcholines (LPC), lysophosphatidylethanolamines (LPE), sphingomyelin (SM),
ceramide (CER), hexosylceramides (HCER), lactosylceramides (LCER), dihydroceramides (DCER).
Individual lipid species were quantified based on the ratio of signal intensity for target compounds to
the signal intensity for an assigned internal standard of known concentration. Missing values were
imputed with the observed minimum value. Individual lipid species that contained more than 20%
missing values across the first (0 cups/day) and third (8 cups/day) trial stages were not included for
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statistical analysis (120 lipid species, Table S2) leaving a total of 853 lipid species for analysis. The same
data, but with missing values treated as 0, were also expressed as mole% determined by calculating
the proportion of individual species within each class. In secondary analysis, lipid species data were
used to derive additional and biologically meaningful lipid traits. Lipid class concentrations were
calculated from the sum of all molecular species within a class. For lipid classes containing more than
one fatty acid (FA) per species (i.e., DAG, PC, PE, PI, and TAG) we also determined FA concentrations
by calculating the sum of individual FAs within each of these classes. These traits were derived prior
to excluding the lipids in Table S2 (see above). The final set of lipid species (primary traits) and derived
lipid traits (secondary) analyzed in the current study are listed in Table S3.

2.3. Statistical Analysis

All statistical analyses were performed using R, SAS version 9.4 (SAS Institute Inc, Cary, NC,
USA) or Matlab. To explore the data and identify any outlier samples we first performed standard
principal component analysis (PCA) and multilevel PCA [11]. For the latter, we generated a data
matrix of the within-person variation by subtracting individual lipid values from the mean lipid value
of all three coffee stages, per participant, per lipid. Repeated measures ANOVA was used to test
the relationship between coffee treatment and each individual lipid species. P-values were further
adjusted for multiple comparisons by the Benjamini-Hochberg procedure and the false discovery rate
(FDR)-adjusted P-values, expressed as g-values, are reported [12]. All nominal (p < 0.05) associations
are presented but only those with a g-value < 0.05 are defined as statistically significant. We computed
ordinary Pearson correlations to explore the latent relationships of changes in identified coffee lipids
across treatments. These analyses were additionally supplemented with data for metabolites and
clinical biomarkers that previously changed in response to coffee in this coffee trial (Table S4) [8,9].
Formal cross-platform integration analysis will be a focus of another report. Correlation networks
were constructed using Cytoscape [13]. In secondary analysis, lipid class and fatty acid concentrations
were also subject to univariate analysis. A multivariate approach was also pursued as traditionally
done with high-throughput data and is presented in Supplementary Note 2 and Figure S5.

3. Results

PCA or multilevel-PCA demonstrated no clear separation of samples by coffee stage (Figure S1).
As aresult, no clear outliers were detected and thus all samples were included for our primary analysis.

Serum lipid class concentrations (data not shown) or distributions (Figure 1a) did not significantly
change in response to coffee intake. A total of 75 lipid species were at least nominally associated
with coffee intake and these mapped to 8 lipid classes (p < 0.05, Table 1, Figure 2a and Figure S2).
When applying an FDR correction, LPC 20:4, 22:1 and 22:2 remained significantly associated with coffee
intake (Figure 2b). Similar results were observed when lipid species concentrations were expressed as
mole% (Figure 1b and data not shown). When FA concentrations of DAG, PC, PE, PI, and TAG were
examined, no associations met statistical significance (data not shown).

Results of correlation analysis of changes among previously identified clinical [9] and
metabolite [8] markers of coffee response and the 75 nominal to significant lipid species identified
here (Table 1) are presented in Figure S3. Generally lipid species of the same class or sharing fatty
acid chains clustered together. Changes in TAGs that increased in response to coffee, however, did not
correlate with changes in TAGs that decreased in response to coffee. Changes in lipid species generally
correlated with metabolites that also decreased in response to coffee and thus unlikely originated
from the coffee beverage itself. These metabolites were also lipid derivatives; particularly those of the
acyl choline and endocannabinoid pathways. Besides kynurenine and xanthines, few other aqueous
metabolites were consistently represented among correlations with either clinical makers or lipid
species. No changes in lipids or metabolites were consistently correlated with clinical markers that
responded to coffee.
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Table 1. Significant lipid markers of coffee consumption *.

Group Effect Fold of Change §
Lipid Class t Lipid Species
p-Value q-Value 4 Cups/0Cup 8Cups/0Cup 8 Cups/4 Cups
CE CE(20:4) 0.0296 0.4529
FFA(20:3) 0.0021 0.297
FFA(20:4) 0.0012 0.2492
FFA FFA(2222) 0.0481 0.4529
FFA(22:6) 0.0415 0.4529
TAG47:1-FA17:0 0.0483 0.4529
TAG51:3-FA15:0 0.0401 0.4529
TAG52:4-FAl6:1 0.0317 0.4529
TAG52:5-FAl6:1 0.0329 0.4529
TAG52:5-FA20:5 0.05 0.4529
TAG52:6-FAl6:1 0.041 0.4529
TAG53:3-FA16:0 0.0211 0.4529
TAG53:3-FA18:1 0.0242 0.4529
TAG53:4-FA16:0 0.0229 0.4529
TAG53:4-FA18:2 0.0289 0.4529
TAG53:5-FA18:3 0.048 0.4529
TAG54:3-FA18:1 0.0354 0.4529
TAG54:3-FA20:1 0.0368 0.4529
TAG54:4-FA20:1 0.0306 0.4529
TAG55:3-FA18:1 0.0353 0.4529
TAG55:4-FA18:1 0.0198 0.4529
TAG55:5-FA18:1 0.0208 0.4529
TAG56:3-FA18:1 0.0103 0.4529
TAG56:3-FA20:1 0.0155 0.4529
TAG56:4-FA18:1 0.0124 0.4529
TAG56:4-FA20:1 0.0314 0.4529
TAG56:4-FA20:2 0.0141 0.4529
TAG56:5-FA18:1 0.0221 0.4529
TAG56:5-FA20:2 0.0051 0.4529
TAG TAG56:5-FA20:3 0.0215 0.4529
TAG56:5-FA20:4 0.0447 0.4529
TAG56:6-FA18:2 0.0132 0.4529
TAG56:6-FA20:2 0.0206 0.4529
TAG56:6-FA20:3 0.0077 0.4529
TAG56:6-FA20:4 0.0306 0.4529
TAG56:7-FA18:2 0.0457 0.4529
TAG56:7-FA20:3 0.042 0.4529
TAG56:7-FA22:4 0.0484 0.4529
TAG56:7-FA22:5 0.0384 0.4529
TAG56:9-FA20:4 0.0458 0.4529
TAG56:9-FA22:6 0.0229 0.4529
TAG57:8-FA22:6 0.0093 0.4529
TAG58:10-FA20:5 0.0161 0.4529
TAG58:10-FA22:5 0.0391 0.4529
TAG58:10-FA22:6 0.0388 0.4529
TAG58:7-FA22:4 0.0294 0.4529
TAG58:7-FA22:5 0.0109 0.4529
TAG58:8-FA20:4 0.0324 0.4529
TAG58:8-FA22:5 0.0386 0.4529
TAG58:9-FA22:5 0.0478 0.4529
TAG60:10-FA22:5 0.0349 0.4529
TAG60:10-FA22:6 0.0357 0.4529
TAG60:11-FA22:5 0.0038 0.4529
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Table 1. Cont.

Group Effect Fold of Change §
Lipid Class t Lipid Species
p-Value q-Value 4 Cups/0Cup 8Cups/0Cup 8 Cups/4 Cups
LPC(15:0) 0.0142 04529
LPC(17:0) 0.0017 0.28%6
LPC(18:1) 0.0423 0.4529
LPC(20:2) 0.0094 0.4529
LPC LPC(20:3) 0.0362 0.4529
LPC(20:4) <0.0001 0.0088
LPC(22:T) <0.0001 0.0313
LPC(222) <0.0001 0.0051
PC(17:0/20:4) 0.0183 04529
PC(18:0/16:1) 0.0274 04529
PC(18:0/18:3) 0.0375 04529
rC PC(18:0/20:2) 0.0143 04529
PC(18:0/20:3) 0.0361 04529
PC(18:1/20:4) 0.0152 04529
PE(18:0/20:1) 0.0203 04529
PE(0-16:0/18:2) 0.0301 0.4529
PE(0-18:0/20:3) 0.0458 0.4529
PE PE(P-16:0/1822) 0.0246 0.4529
PE(P-16:0/22:4) 0.025 0.4529
PE(P-18:0/18:2) 0.0406 0.4529
DCER DCER(24:0) 0.0475 04529
LCER LCER(26:1) 0.0097 04529

CE: cholesteryl ester; FFA: free fatty acid; TAG: triacylglycerol; LPC: lysophosphatidylcholine; PC: phosphatidylcholine;
PE: phosphatidylethanolamine; DCER: dihydroceramide; LCER: lactosylceramide. * Shown are results from RMA that
meet nominal significance (p < 0.05, column 3). Bold-faced lipid species meet significance threshold of p < 0.05 (column
3) and g < 0.05 (column 4). t neutral lipids: CE, FFA, TAG; phospholipids: LPC, PC, PE; sphingolipids: DCER, LCER.
§ ANOVA contrasts: lipid levels that increase in response to coffee are shaded red (p < 0.05) or pink (0.05 < p < 0.10) and
lipid levels that decrease are colored green (p < 0.05) or light green (0.05 < p < 0.10).
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Figure 1. Lipid class (a) and LPC (b) composition response to coffee intake.
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4. Discussion

The current study is the first controlled trial-based lipidomic assessment of coffee intake. We found
three LPC species (LPC (20:4), LPC (22:1) and LPC (22:2)) that significantly decreased after 4 and 8 cups
per day. Several other species mapping to the LPC, FFA, PC and CE classes showed nominal but
plausible changes. Although the current lipid species analysis is unique from that of our previous
metabolomic analysis [8] of the same samples the findings taken together suggest that coffee drinking
has more of an immediate impact on non-lipid than lipid metabolites over the duration of the coffee
trial examined here.

The lipidomics platform was unable to distinguish between fatty acid isoforms, their position on
a glycerol backbone (i.e., sn-1 vs. sn-2) or define their bond type (acyl- or alkyl-). Several lipid species
at least nominally associated with coffee response contained FA(20:4). In our previous metabolomics
report [8], arachidonic acid (AA, 20:4n6) and LPC (20:4n6) were specifically measured and decreased
in response to coffee (p < 0.05, g < 0.05 for AA and p < 0.05, g4 > 0.05 for LPC (20:4n6)). These findings,
along with the correlation patterns among these lipid variables (Figure S3) suggest most contain the
n6 form of FA(20:4). The only relevant isoforms for FA(22:1) and FA(22:2) are 22:1n9 (erucic acid) and
22:2n6 (docosadienoic acid), respectively.

Figure 54 shows the biological relationships among the neutral and phospholipid lipid classes
measured in the current study. LPC is a bioactive phospholipid synthesized primarily from plasma
membrane- and lipoprotein-PC by phospholipase Al (PLA1) or PLA2 that cleave the PC sn-1 or
sn-2 ester bond, respectively [14-16]. LPC can also be formed by lecithin cholesterol acyltransferase
in HDL, from oxidation of LDL and by endothelial lipase. LPC transports glycerophospholipid
components between tissues but is also a ligand for specific signaling receptors and activates several
second messengers [17]. Much experimental data have implicated LPC in atherosclerosis and
acute and chronic inflammation but results support both beneficial and adverse properties [18,19].
The conflicting biological properties of LPC might be due to their fatty acyl composition, with saturated
or monounsaturated LPC presenting with greater pro-atherogenic properties than polyunsaturated
LPCs [20-23]. In the current study, 18 of the 20 LPCs examined tended to decrease with coffee
intake but none of these shared a particular fatty acyl composition pattern (i.e., saturated or
polyunsaturated fatty acids) (Table 1 and data not shown). LPC(20:4n6) sn-2, a potential isoform of
LPC (20:4), is particularly interesting because it intersects several metabolic pathways that lead to the
production of potent signaling molecules such as 2-arachidonoyl-lysophosphatidic acid, and specific
eicosanoids and endocannabinoids [24-26]. Metabolites of the endocannabinoid system as well as
choline (a product of LPC metabolism) and glycerol-3-phosphate (a product of LPC metabolism
and endocannabinoid synthesis) significantly decreased in response to coffee intake in our previous
metabolomic study [8,18,27]. Interestingly, PLA2 also contributes to endocannabinoid synthesis [27].
Taken together, decreased LPC levels in response to coffee align with decreased levels of downstream
metabolites in similar biological pathways, most notably glycerophospholipid metabolism.

Although the caffeine component of coffee is known to stimulate lipolysis in the acute
setting [28-31], the mechanisms and constituents of habitual coffee drinking leading to decreased
LPC in the current study are unclear. The resistance of LDL to oxidative damage (a source of LPC)
in humans increases after consumption of coffee and this might be explained by the incorporation of
coffee’s phenolic acids into LDL [32]. Indeed, polyphenols, including those in coffee, decreased LPC
production induced by oxidation [33].

Population-based or cross-sectional metabolomic/lipidomic studies of self-reported habitual
coffee intake have also reported specific lipid species associated with coffee intake (Table S5).
Direct comparison with the current report is difficult given the study designs, different lipidomic
platforms used, and limitations in lipid species quantification (i.e., detected signals are usually a sum
of several isobaric/isomeric lipids). Interestingly, however, Miranda et al. [34] focused exclusively on
LPC species and found an inverse association between the plasma levels of LPC(16:1 a), LPC(18:1 a)
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and LPC(20:4 a) and habitual coffee intake, particularly when comparing intakes > 100 mL/day to
0 mL/day.

The uncertain biological implications of lower LPC levels also extends to human studies of
diseases or conditions of which are potentially modified by coffee consumption (Table S6). Most are
cross-sectional and include small sample sizes and generate some significant findings that are not
confirmed in other studies. Applicable to the original motivation of the data from our coffee trial
examined here is a recent meta-analysis of metabolite changes and risk of T2D [35]; only three lipid
markers were significantly associated with risk: LPC(18:0), SM(16:0) and FFA(18:1) [35]. None of these
lipid species changed in response to coffee in the current study.

All lipid species that potentially increased in response to coffee did so only after the period of
8 cups per day. These lipid species also tended to correlate among each other rather than with lipid
species that decreased in response to coffee, suggesting distinct lipid pathways altered by low and
high coffee intake. PC species were a notable exception. PC species that increased in response to
8 cups of coffee all contained FA(18:0) and their changes directly correlated with changes in LPCs,
TAGs, and acylcholines that decreased in response to 4 and 8 cups. This might suggest a shared lipid
pathway impacted by coffee intake and the increase in PC observed only after 8 cups per day is a
delayed dose response.

In the initial report of the current coffee trial, several clinical lipid and inflammatory biomarkers
changed in response to coffee [9]. None of these were convincingly correlated with lipids or metabolites
measured in the current or recent report and underscores additional information accessible via
high-throughput or more precise omic analysis. Triglycerides, for example, did not significantly
change in the trial, yet when analyzing TAG species we observed TAGs that potentially increased
and decreased in response to coffee. Nevertheless, a special complication in the analysis and clinical
interpretation of TAGs is the large number of isobars resulting from presence of different combinations
of the three acyl moieties and their regioisomers.

The application of lipidomics to a clinical study of coffee intake with repeated measures, large
contrasts in coffee intake, excellent participant compliance and standardized protocols for sample
handling and storage are major strengths of the current study. As a clinical trial it addresses many of the
limitations of observational studies. In addition, the composition of brewed coffee varies as a function
of bean type, roast and preparation methods; factors for which detailed information is rarely collected
in population-based studies of coffee. Participants of our clinical trial were all provided the same coffee:
a medium roast, 100% Arabica blend of Brazilian, Columbian, Central American and African coffee
which is a popular type of coffee in Finland. Despite these strengths, several weaknesses of the study
should be acknowledged. Our one-group study design without randomization, lack of blinding of
participants and placebo control were limitations. We cannot rule out an impact of time-varying factors
that may induce significant associations due to correlations with coffee. No specific guidelines were
provided on coffee additives (i.e., sugar, cream) or beverages to consume in the place of coffee during
the month of coffee abstinence. The very low levels of xanthine metabolites in the first month suggest
participants largely refrained from consuming any caffeine-containing beverages [8,9]. Our previous
report presented no obvious overlap with potential metabolite markers of dairy or tea consumption
or lifestyle factors [8]. Body weight, a proxy for energy balance, remained stable throughout the trial.
All participants for the current study were Finnish habitual coffee drinkers at increased risk of T2D
which may limit the generalizability of our findings to other groups.

5. Conclusions

Our study provides the first thorough analysis of the lipidomic changes in response to controlled
coffee consumption. The new findings suggest coffee alters glycerophospholipid metabolism and
build on our previous metabolomic results that yield novel candidate pathways that offer insight to
the mechanisms by which coffee may be exerting its health effects.
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Abstract: Coffee is the one of the most common beverages worldwide and has received considerable
attention for its beneficial health effects. However, the association of coffee with hearing and tinnitus
has not been well studied. The aim of this study was to investigate the association of coffee with
hearing and tinnitus based on a national population-based survey. We evaluated hearing and tinnitus
data from the 2009-2012 Korean National Health and Nutrition Examination Survey and their
relationship with a coffee consumption survey. All patients underwent a medical interview, physical
examination, hearing test, tinnitus questionnaire and nutrition examination. Multivariable logistic
regression models were used to examine the associations between coffee and hearing loss or tinnitus.
We evaluated 13,448 participants (>19 years) participants. The frequency of coffee consumption had
a statistically significant inverse correlation with bilateral hearing loss in the 40-64 years age group.
Daily coffee consumers had 50-70% less hearing loss than rare coffee consumers, which tended to
be a dose-dependent relationship. In addition, the frequency of coffee consumption had an inverse
correlation with tinnitus in the 19-64 years age group but its association was related with hearing.
Brewed coffee had more of an association than instant or canned coffee in the 40-64 years age group.
These results suggest a protective effect of coffee on hearing loss and tinnitus.

Keywords: adult; coffee; hearing; protection; tinnitus

1. Introduction

Coffee is the most commonly consumed beverage, apart from water, in the world [1]. Coffee and its
compounds have various effects on human health [1,2]. Coffee consumption has been associated with
a decreased risk of cancers [3], diabetes [4], Parkinson’s disease [5], liver disease [6] and cardiovascular
disease [7]. It has also been associated with low birth weight, preterm birth [8] and fractures in
women [9,10]. Dementia and depression are related to coffee consumption [11,12]. However, its effect
could be related to coffee consumption behavior, social relationships and culture. The health effects
of coffee have not received much consideration. Actually, about half of consumers believe drinking
coffee is bad for their health [13].

Coffee contains over 1000 bioactive compounds [14,15] with functions, including antioxidant,
anti-inflammatory, anti-fibrotic and anticancer effects [1]. In addition, coffee contains polyphenols,
such as caffeic acid and caffeic acid phenethyl ester, which have antioxidant effects and protect against
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hearing loss in vivo and in vitro [16,17]. Caffeine is an important component of coffee that varies
according to the preparation method [1].

Hearing loss is a major public health problem [18,19]. One-fifth of adults suffer from hearing loss if
mild and unilateral hearing loss are included [20]. Hearing loss is third in terms of disease burden [21].
Common causes of hearing loss are age and noise exposure. Hearing loss affects communication and
relationships with people. In particular, it affects talking and has been associated with depression and
anxiety [22]. Hearing loss is associated with decreased cognitive performance and dementia [23].

Tinnitus is not a single disease entity. Actually, it is a symptom that decreases quality of life
and is related with hearing loss and aging. The prevalence of tinnitus is 12-30% worldwide [24,25].
In addition, coffee and caffeine are often blamed as a cause of tinnitus [26,27]. However, the effect of
caffeine on tinnitus remains controversial [28,29]. Few large population-based studies have investigated
the effect of coffee consumption on hearing and tinnitus [30].

The aim of this study was to investigate the association of coffee with hearing and tinnitus in adult
and elderly participants based on a national population-based survey. We compared the consumption
frequency and type of coffee and the prevalence of hearing loss and tinnitus.

2. Materials and Methods

2.1. Study Population

This study used data from the Korean National Health and Nutrition Examination Survey
(KNHANES). This survey collects information, such as health and nutritional status, from a
representative sample of the general Korean population to assess the health-related behavior, health
condition and nutritional state of Koreans.

The subjects were asked about their hearing, symptoms of tinnitus, health behavior and nutrition
by questionnaire. The participants were asked about the annoyance of tinnitus measured by the
following answers: “No,” “slightly annoying” and “very annoying and difficult to sleep.” Information
about the subjects included sleep time, stress, education level (less than middle school or beyond high
school), education level of the parents, income (<25%, 25-50%, 50-75%, or >75% according to the
equivalized household income per month), current smoking status and alcohol drinking status (social
drinker, heavy drinker, or problem drinker). Health status (hypertension, diabetes, anemia, renal
failure, thyroid disease, osteoporosis and menopause) was also checked. Duration of occupational
exposure to noise and earphone and headphone use time were measured.

Physical examinations were conducted by a physician to assess any problems with the tympanic
membrane or other ear, nose and throat problems, including perforation or retraction of the tympanic
membrane, otitis media with effusion and cholesteatoma. Pure tone audiometry was performed at
0.5,1, 2,3, 4 and 6 kHz in a soundproof room. The severity of hearing loss was based on a lower
threshold of unilateral hearing loss and a higher threshold for bilateral hearing loss. The pure tone
average was the average of the hearing levels at 0.5, 1, 2 and 3 kHz or 0.5, 1, 2 and 4 kHz, whereas the
high frequency hearing level was the average of the hearing levels at 3, 4 and 6 kHz. Blood samples
were collected and analyzed in a single laboratory (Neodin Medical Institute, Seoul, Korea).

In total, 36,067 individuals participated in the 2009-2012 KNHANES. Individuals with ear disease
(external ear problem, middle ear problem, inner ear problem, retrocochlear problem, congenital
hearing loss and systemic disease) were not included here. Of them, 27,492 participants were age
>19 years. Among 27,492 participants aged >19, 9294 participants were excluded because they
did not complete all three component surveys (health interview, health examination, and nutrition
surveys) (n = 4480) or examined from January 1 to July 20 in 2009 (n = 3299, auditory test data were
not available) or aged > 65 in 2012 (n = 1515, FFQ was surveyed for subjects aged 19-64 years in
2012). Of the remaining 18,198 subjects, additional 4750 were excluded because they did not receive
hearing threshold testing nor respond to tinnitus-related questions (n = 975) or did not respond for
coffee consumption frequency (n = 629) or have missing values for covariates considered in this study
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(n = 3146). Finally, 13,448 subjects (4633 subjects aged 19-39, 6631 aged 19-39 and 2184 aged >65 years)
were included in the analysis for the present study (Figure 1). This study was approved by the
Institutional Review Board of the Seoul National University Hospital (IRB number: E-1808-064-965).

Subjects participated in the
KNHANES in 2009-2012
(n=36,067)

1 9294 subjects excluded !

- Those who did not participate all three |
component surveys (health interview, health ‘,
cxamination, and  nutrition  surveys) “

(n = 4480)

Participants aged 19 years or
over (n =27,492)

I
|
Those examined from Jan 1* to July 20" in }
2009 (n = 3299, auditory test data were not }
|
1
I

available).

Those aged =65 in 2012 (n = 1515, FFQ “
was surveyed for subjects aged 19-64 years |
in 2012) !

Il

n=18,198

1
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Those who did not receive hearing threshold |

testing nor respond to tinnitus-related
questions (7 =975)

|
[
1
I
Those who did not respond for coffee:
consumption frequency (7 = 629) :
[
1
1
|
1
1

Included in analyses (n = 13,448)

Those with missing values lor covariales
considered in this study (# = 3146)

i v
Age group: Age group: Age group:
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(n=4633) (n=6631) (n=2184)

Figure 1. Flow chart of the selection process. KNHANES, Korean National Health and Nutrition
Examination Survey.

2.2. Assessment of Coffee Consumption

Coffee consumption frequency was assessed using the food-frequency questionnaire (FFQ).
Participants were asked to indicate how frequently they consumed coffee over the previous year based on
ten categories (none, 6-11 times per year, once per month, two to three times per month, once per week,
two to three times per week, four to six times per week, once per day, twice per day and three times per
day) in 2009-2011 and on nine categories (never or seldom, once per month, two to three times per month,
once per week, two to four times per week, five to six times per week, once per day, twice per day and
three times per day) in 2012, in which the first two categories in the previous FFQ version were combined
into “never or seldom” and four times per week was grouped into two or three times per week.

Coffee consumption frequency was categorized into rarely, monthly, weekly and daily using the
FFQ data as follows: rarely, less than once per month; monthly, one to three times per month; weekly,
one to six times per week; and daily, once or more per day.

The information on the types and amount of all coffee that participants consumed over the past
24 h was collected by trained dietitians 1 week after the health interview. The type of coffee was
grouped into brewed, instant, or canned coffee using the 24-hour dietary recall method.
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2.3. Statistical Analysis

The subjects’ characteristics according to coffee consumption frequency are presented as median
(interquartile range) or number (proportion) and compared using the Fisher exact test (binary
covariates), the chi-square test (more than three categories), or the Wilcoxon rank-sum test (continuous
covariates). Multivariable logistic regression models were used to examine the associations between
coffee consumption and hearing loss or tinnitus. The analyses were adjusted for the following
potential confounders: age, sex, education, parents” education, perceived stress, exposure to indoor
secondhand smoke, current smoking, heavy drinking, drinking-related problems, menopause, history
of hypertension, diabetes mellitus, anemia, kidney failure, thyroid disorder, tympanic membrane
perforation, cholesteatoma and otitis media with effusion. The multivariable models for tinnitus
or annoyance related to tinnitus included hearing loss as well as the potential covariates described
above. To examine the association of the type of coffee consumed with hearing loss and tinnitus,
multivariable logistic regression analyses were performed for the adjusted associations between coffee
type consumed and hearing loss or tinnitus. All statistical analyses were performed using SAS software
(version 9.2; SAS Institute, Cary, NC, USA).

3. Results

The prevalence rates of unilateral and bilateral hearing loss in the study population were 1.19%
and 0.17% for subjects in the 19-39 years age group, 5.01% and 2.9% for subjects in the 40-64 years
age group and 14.24% and 20.97% for subjects in the >65 years age group. The prevalence rates of
tinnitus and tinnitus-related annoyance were 18.07% and 3.86% for subjects in the 19-39 years age
group, 19.92% and 6.24% for subjects in the 40-64 years age group and 27.98% and 12.82% for subjects
in the >65 years age group (Table 1). The participants’ characteristics according to age group and the
frequency of coffee consumption showed that there were differences in the covariates according to
coffee consumption: age, sex, educational level, house income, sleeping duration, stress, exposure
to indoor secondhand smoke, current smoking, heavy drinking, difficulties controlling alcohol use,
menopause, hypertension, diabetes, kidney failure and thyroid disorder (Table S1).

Table 1. Characteristics of study subjects in Korean National Health and Nutrition Examination Survey
KNHANES (2009-2012) by frequency of coffee consumption.

Frequency of Coffee Consumption

Symptoms by Group
Total Rarely Monthly Weekly Daily
Age group (19-39) n = 4633 n =634 n =304 n =873 n=2822
Hearing loss *, n (%)
Unilateral 55 (1.19%) 11 (1.74%) 2 (0.66%) 6 (0.69%) 36 (1.28%)
Bilateral 8(0.17%) 1(0.16%) 0 (0.00%) 3(0.34%) 4(0.14%)
Tinnitus, 1 (%) 837 (18.07%) 130 (20.50%)  62(20.39%) 177 (20.27%) 468 (16.58%)
Tinnitus-related annoyance, 1 (%) 179 (3.86%) 33 (5.21%) 13 (4.28%) 26 (2.98%) 107 (3.79%)
Age group (40-64) n=6631 n =656 n =308 n =899 n =4768
Hearing loss *, 1 (%)
Unilateral 332 (5.01%) 40 (6.1%) 15 (4.87%) 47 (5.23%) 230 (4.82%)
Bilateral 192 (2.90%) 31 (4.73%) 18 (5.84%) 33 (3.67%) 110 (2.31%)
Tinnitus, 1 (%) 1321 (19.92%) 149 (22.71%) 64 (20.78%) 191 (21.25%) 917 (19.23%)
Tinnitus-related annoyance, 1 (%) 414 (6.24%) 50 (7.62%) 18 (5.84%) 66 (7.34%) 280 (5.87%)
Age group (>65) n=2184 n =429 n=122 n =383 n =1250
Hearing loss *, 1 (%)
Unilateral 311 (14.24%) 71 (16.55%) 18 (14.75%) 58 (15.14%) 164 (13.12%)
Bilateral 458 (20.97%) 99 (23.08%) 20 (16.39%) 79 (20.63%) 260 (20.80%)
Tinnitus, 1 (%) 611 (27.98%)  135(31.47%) 38 (31.15%)  95(24.80%) 343 (27.44%)

Tinnitus-related annoyance, 1 (%) 280 (12.82%) 73 (17.02%) 18 (14.75%) 47 (12.27%) 142 (11.36%)
* Hearing loss > 41 dB for four-frequency average of pure-tone thresholds at 500, 1000, 2000 and 4000 Hz.
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Table 2 shows the results of the association between coffee consumption and hearing loss.
No significant correlation was detected between coffee consumption frequency and unilateral hearing
loss across all age groups. No significant correlation was detected between bilateral hearing loss
and coffee consumption frequency in the 19-39 and >65 years age groups. However, daily coffee
consumption resulted in a significantly decreased risk of bilateral hearing loss in the 40-64 years age
group, compared with the rare consumption group (adjusted odds ratio (aOR), 0.50; 95% confidence
interval (CI), 0.33-0.78; p = 0.0021), whereas monthly or weekly consumers did not show a significant
difference relative to rare consumers. In the 40-64 years age group, odds ratio of mild and moderate
hearing loss in daily coffee consumers and mild hearing loss in weekly coffee consumers were
significantly lower than those of rare coffee consumers (Table S7). In addition, as the frequency of
coffee consumption increased there tended to be a decrease in bilateral hearing loss in the 40-64 years
age group.

Table 3 shows the results of the association between coffee consumption and tinnitus and
tinnitus-related annoyance. In the univariable analysis, the prevalence of tinnitus in daily coffee
consumers was lower than that in the rare coffee consumers in the 19-39 years (unadjusted OR, 0.77;
95% CI, 0.62-0.96; p = 0.0186) and 40-64 years (unadjusted odds ratio (OR), 0.81; 95% CI, 0.67-0.99;
p = 0.0357) age groups. However, in the multivariable models adjusted for potential confounders,
the relationships between daily coffee consumers and rare consumers were not significant in the
19-39 year (aOR, 0.80; 95% CI, 0.63-1.00; p = 0.0548) and the 40-64 years age groups (aOR, 0.90; 95%
CI, 0.73-1.10; p = 0.3066). An inverse association was observed between tinnitus-related annoyance
and coffee consumption in weekly coffee consumers aged 19-39 years (unadjusted OR, 0.56; 95%
CI, 0.33-0.95; p = 0.0298) and daily coffee consumers aged > 65 years (unadjusted OR, 0.63; 95% CI,
0.46-0.85; p = 0.0026). However, the associations in weekly coffee consumers aged 19-39 (aOR, 0.58;
95% CI, 0.34-1.01; p = 0.0529) and daily coffee consumers aged > 65 years (aOR, 0.77; 95% CI, 0.54-1.09;
p = 0.1355) were not significant in the multivariable analysis.

We investigated associations between types of coffee and hearing loss, tinnitus and tinnitus-related
annoyance using multivariable analysis. Table 4 shows “adjusted” odds ratio of hearing loss, tinnitus
and tinnitus-related annoyance for three types of coffee. The odds of unilateral hearing loss or
tinnitus-related annoyance did not reach statistical significance for all age groups. However, the odds
ratio of bilateral hearing loss for brewed coffee in 40-64 years age group is significantly lower than 1
(aOR, 0.61; 95% CI, 0.44-0.84; p = 0.0028). And the odds ratio of tinnitus for brewed coffee in 19-39 years
age group is significantly lower than 1 (aOR, 0.82; 95% CI, 0.70-0.97; p = 0.0175). Contrary, the odds
ratio of tinnitus for canned coffee in 40-64 years age group is significantly higher than 1 (aOR, 1.49;
95% CI, 1.17-1.90; p = 0.0011).
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Table 4. Odds ratios and 95% confidence intervals of coffee type.

Hearing Loss (Unilateral) Hearing Loss (Bilateral)
OR * (95% CI) p-Value  OR* (95% CI) p-Value

Coffee Type

Age group: 19-39
Brewed coffee (yes vs. no) 0.95 (0.53, 1.69) 0.8599 0.46 (0.16,1.27) 0.1333
Instant coffee (yes vs. no) 0.65 (0.22,1.91) 0.4369 0.64 (0.08, 4.88) 0.6683
Canned coffee (yes vs. no) 1.02 (0.39, 2.64) 0.9752 1.28 (0.32, 5.08) 0.7223

Age group: 40-64
Brewed coffee (yes vs. no) 1.04 (0.81,1.34) 0.7414 0.61 (0.44, 0.84) 0.0028
Instant coffee (yes vs. no) 1.11 (0.81, 1.51) 0.5216 0.70 (0.45, 1.09) 0.1133
Canned coffee (yes vs. no) 1.41 (0.86, 2.30) 0.1694 0.63 (0.23, 1.73) 0.3672

Age group: >65
Brewed coffee (yes vs. no) 0.84 (0.64, 1.10) 0.2083 1.02 (0.80, 1.30) 0.8886
Instant coffee (yes vs. no) 0.87 (0.60, 1.26) 0.4472 0.74 (0.53,1.04) 0.0842
Canned coffee (yes vs. no) 1.38 (0.51, 3.74) 0.5233 0.89 (0.30, 2.64) 0.8294

Tinnitus Tinnitus-Related Annoyance

OR*'(95% CI)  p-Value ORT (95% CI) p-Value

Age group: 19-39
Brewed coffee (yes vs. no) 0.82 (0.70, 0.97) 0.0175 1.09 (0.80, 1.50) 0.5821
Instant coffee (yes vs. no) 1.08 (0.84, 1.41) 0.5439 1.04 (0.62, 1.74) 0.8812
Canned coffee (yes vs. no) 0.95 (0.74, 1.23) 0.7163 1.13 (0.68, 1.86) 0.6454

Age group: 40-64
Brewed coffee (yes vs. no) 1.00 (0.87, 1.14) 0.9359 0.96 (0.77,1.19) 0.6790
Instant coffee (yes vs. no) 0.96 (0.81, 1.14) 0.6779 0.96 (0.72, 1.27) 0.7660
Canned coffee (yes vs. no) 1.49 (1.17,1.90) 0.0011 1.28 (0.83, 1.95) 0.2619

Age group: >65
Brewed coffee (yes vs. no) 0.92 (0.74,1.14) 0.4318 0.89 (0.66, 1.20) 0.4441
Instant coffee (yes vs. no) 1.19 (0.90, 1.57) 0.2263 0.95 (0.64, 1.42) 0.7967
Canned coffee (yes vs. no) 0.85 (0.37,1.97) 0.7051 0.63 (0.14, 2.74) 0.5328

* Adjusted for age, sex, education, parents’ education, perceived stress, exposure to indoor secondhand smoke,
current smoking, heavy drinking, drinking-related problem, menopause, history of hypertension, diabetes mellitus,
anemia, kidney failure, thyroid disorder, tympanic membrane perforation, cholesteatoma and otitis media with
effusion.  Adjusted for age, sex, education, parents’ education, perceived stress, exposure to indoor secondhand
smoke, current smoking, heavy drinking, drinking-related problem, menopause, history of hypertension, diabetes
mellitus, anemia, kidney failure, thyroid disorder, tympanic membrane perforation, cholesteatoma, otitis media
with effusion and hearing loss.

4. Discussion

This study demonstrated the inverse correlation of the frequency of coffee consumption with
hearing loss in middle aged Koreans. The prevalence of bilateral hearing loss in daily coffee
consumers was significantly lower in the 40-64 years age group compared to the other age groups.
However, no significant correlation was observed between unilateral hearing loss and coffee
consumption in any other age group. Tinnitus and tinnitus-related annoyance were not related
with coffee consumption. Instant coffee consumers aged 40-64 years had less hearing loss and less
tinnitus-related annoyance than those in the >65 years age group and for any type of coffee.

No previous large-scale study has demonstrated the effects of coffee on hearing loss and
tinnitus. Many people believe that coffee has a harmful effect on hearing. Actually, there is a
report that caffeine in coffee has detrimental effects on recovery from acoustic overstimulation
events [31,32]. Caffeine, a major ingredient of coffee, is proved to be an aggravating factor of Meniere’s
disease [33]. Many otologists prescribe a coffee restriction for cases of hearing loss from Meniere’s
disease [34]. Some studies have indicated that coffee has preventive effects on hearing loss but
most studies were conducted on a specific type of hearing loss or situation. Chang et al. reported
that noise-induced hearing loss in workers is less frequent in tea or coffee consumers (OR = 0.03,
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95% CI: 0.01-0.51) [35]. Caffeine improves transmission in the peripheral and central brain auditory
pathways [36]. Caffeine improves auditory processing in preterm infants, resulting in improved
neurodevelopmental outcomes [37]. Hong et al. reported that coffee ameliorates the hearing threshold
shift and delayed latency of auditory evoked potentials in patients with diabetic neuropathy [38].
Coffee improves auditory neuropathy in diabetic mice. In addition, trigonelline—the main active
compound in coffee extracts—facilitates recovery from pyridoxine-induced auditory neuropathy in a
mouse model [39].

Our univariable analyses determined that the prevalence of tinnitus in daily coffee consumers in
the 19-39 and 40-64 years age groups was lower than that in rare coffee consumers of the same age
groups. The prevalence of tinnitus in weekly coffee consumers age >65 years was lower than that in
rare coffee consumers in the same age group. However, this tendency disappeared in the multivariable
analysis, suggesting that coffee consumption itself does not have a direct correlation with tinnitus.
Some covariates, such as bilateral hearing loss, stress and sleep, can indirectly affect tinnitus.

The relationship between coffee and tinnitus is controversial. There is an opinion that caffeine
in coffee stimulates ascending auditory pathways or reduces the suppressive effect on the central
nervous system, which evokes tinnitus [40]. Other studies have argued that the stimulation increases
the detection of tinnitus through increased arousal or anxiety [41]. Caffeine in coffee is known
to have deleterious effects on sleep [42,43] and it can aggravate tinnitus-associated distress [44].
However, one study reported that stopping caffeine intake does not improve tinnitus symptoms [29].
Another study reported that higher caffeine intake is associated with a lower risk of tinnitus in
women [45]. McComack et al. reported that persistent tinnitus decreases with caffeinated coffee
consumption (OR = 0.99 per cup/day) and consumption of caffeinated coffee appears to be associated
with lower levels of reported transient tinnitus [30].

The relationship between the frequency of coffee consumption and the occurrence of tinnitus in
the 19-39 and >65 years age groups appeared to be quite different from that of the 40-64 years age
group. The abatement of tinnitus in the 40-64 years age group can be explained by a decrease in bilateral
hearing loss. However, no significant decreases in bilateral hearing loss were observed in the 19-39 years
and >65 years age groups. One of the covariates, such as perceived stress, can reduce tinnitus. In fact,
an inverse correlation has been reported between perceived stress and tinnitus [46-48]. Coffee consumption
is associated with social activity; thus, it is highly probable that socially active people have a relatively
lower level of perceived stress and low stress can lower the incidence of tinnitus.

Types of coffee have association with hearing loss and tinnitus. Our results suggest that brewed
coffee can have preventive effects on bilateral hearing loss and tinnitus but canned coffee can have
inducing effect on tinnitus for some age groups. Difference in preparation method, heat treatment
(freeze-drying or high temperature sterilization) and expiration date seem to have affected on bioactive
constituents in each type of coffee [49,50]. However, since the details of coffee type are very diverse,
it is difficult to make uniform conclusion.

We have some limitations in this study. First, this is an observational study, so it is difficult to
generalize the result of this study to the causal relationship from coffee consumption to hearing loss and
tinnitus. To confirm causality, well-controlled experimental design will be needed. Second, we could
not analyze unilateral and bilateral tinnitus separately, because KNHANES data did not discern
tinnitus side. However, bilateral tinnitus is different from unilateral one in the point of heritability and
prognosis [51]. Therefore, it is desirable to discern the side of tinnitus. Third, the frequency of coffee
consumption was estimated by questionnaires of subjects. It depends on the memory of the subjects,
so it is possible that there is a measurement error.

5. Conclusions

According to the results of KNHANES analyses, coffee consumers had a low prevalence of
bilateral hearing loss. However, the path of lower bilateral hearing loss and tinnitus varied according
to age group. The incidence of bilateral hearing loss was low in coffee consumers aged 40-64 years,
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which influenced the low prevalence of tinnitus. However, other covariates, such as the low perceived
stress of coffee consumers, seemed to be the main cause for the low prevalence of tinnitus in the
19-39 and >65 years age groups. In addition, brewed coffee consumers had lower rate of bilateral
hearing loss and tinnitus.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6643/10/10/1429/
s1, Table S1: Characteristics of study subjects in KNHANES (2009-2012) by coffee consumption and age group
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group (40-64), Table S3: Characteristics of study subjects in KNHANES (2009-2012) by coffee consumption and
age group (>65), Table S4: Degree of unilateral hearing loss by coffee consumption, Table S5: Degree of bilateral
hearing loss by coffee consumption, Table S6: Odds ratio and 95% confidence intervals by coffee consumption for
degree of unilateral hearing loss, Table S7: Odds ratio and 95% confidence intervals by coffee consumption for
degree of bilateral hearing loss.
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Abstract: Coffee, wine and chocolate are three frequently consumed substances with a significant
impact on cognition. In order to define the structural and cerebral blood flow correlates of
self-reported consumption of coffee, wine and chocolate in old age, we assessed cognition and
brain MRI measures in 145 community-based elderly individuals with preserved cognition (69 to
86 years). Based on two neuropsychological assessments during a 3-year follow-up, individuals
were classified into stable-stable (52 SCON), intermediate (61 iCON) and deteriorating-deteriorating
(32 dCON). MR imaging included voxel-based morphometry (VBM), tract-based spatial statistics
(TBSS) and arterial spin labelling (ASL). Concerning behavior, moderate consumption of caffeine was
related to better cognitive outcome. In contrast, increased consumption of wine was related to an
unfavorable cognitive evolution. Concerning MRI, we observed a negative correlation of wine and
VBM in bilateral deep white matter (WM) regions across all individuals, indicating less WM lesions.
Only in sCON individuals, we observed a similar yet weaker association with caffeine. Moreover,
again only in sCON individuals, we observed a significant positive correlation between ASL and wine
in overlapping left parietal WM indicating better baseline brain perfusion. In conclusion, the present
observations demonstrate an inverse association of wine and coffee consumption with cognitive
performances. Moreover, low consumption of wine but also moderate to heavy coffee drinking was
associated with better WM preservation and cerebral blood-flow notably in cognitively stable elders.

Keywords: caffeine; wine; chocolate; aging; cognition

1. Introduction

Coffee, wine and chocolate are three frequently consumed substances with a significant impact
on cognitive performances.

Early studies in community-based samples suggested that moderate caffeine consumption is
associated with decreased incidence of both mild cognitive impairment (MCI) and clinically overt
AD [1-4]. More recently, a case-control study revealed that plasma caffeine levels greater than
1200 ng/mL in MCI subjects were associated with no conversion to dementia during a 2—4-year
follow-up [5]. Importantly, in the Italian Longitudinal study of aging, moderate caffeine consumption
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over time (from 1 to 2 cups of coffee/day) was associated with lower incidence rate of MCI in
cognitively intact older individuals. However, an inverse association was found for those who
increased their daily caffeine consumption [6,7].

A U-shape relationship between cognitive performance and wine consumption has been
postulated with a marked detrimental effect of heavy drinking but a decrease of Alzheimer disease
(AD) and dementia risk among light to moderate drinkers. However, this latter association
has been challenged due to confounding by socioeconomic class and intelligence (for review see
References [8-10]).

Recent lines of evidence suggest that regular consumption of cocoa is associated with
dose-dependent improvements in general cognition, attention, processing speed, and working memory
that have been documented in animal models of normal aging but also in a limited series of healthy
elders (for review see [11,12]).

The impact of these substances on resting state brain function and AD pathology has been
intensively explored. A limited number of randomized controlled trials explored the acute effects of
caffeine, cocoa flavonoids and alcohol in brain function and perfusion [13-15]. Overall, caffeine intake
was associated with a significant reduction of ASL-measured gray matter cerebral blood flow, increased
load-related activation compared to placebo in the left and right dorsolateral prefrontal cortex during
working memory encoding, but decreased load-related activation in the left thalamus during working
memory maintenance. Alcohol intake led to increased cerebral blood flow in a dose-dependent manner
(for review see Joris et al. [16]). Chronic caffeine intake has been shown to reduce Ap-induced cell
death in vitro, decrease brain amyloid levels [6,17-21], reduce hippocampal tau phosphorylation
and proteolytic fragments but also mitigate several proinflammatory and oxidative stress markers in
AD transgenic models [22]. Several studies pointed to a caffeine-mediated decrease of resting-state
connectivity across the brain in healthy controls. More recently, it was shown that although this is
true in respect to visual and motor areas, the blood oxygenation level dependent (BOLD) functional
connectivity of the default mode network (DMN) might increase via the recruitment of attentional
networks partly explaining the caffeine-mediated elevated alertness [23-26]. Low concentrations of
ethanol have been shown to protect against toxicity induced by A oligomers [27]. In alcohol drinkers
(without misuse or dependence), resting state functional connectivity is reduced in posterior cortical
areas as precuneus, postcentral gyrus, insula, right fusiform and lingual gyri and visual cortex [28] but
also in the sub-callosal cortex, in left temporal fusiform cortex and left inferior temporal gyrus [29].
In the same line, cocoa extracts reduce oligomerization of beta amyloid and modulates the brain
neurotrophic-derived factor signalling pathway in AD animal models [30,31]. At the cellular level,
chocolate and other flavonoids interact with signalization cascades involving protein and lipid kinases
that lead to the inhibition of neuronal death by apoptosis induced by neurotoxicants such as oxygen
radicals and promote neuronal survival and synaptic plasticity (for review see [32]).

Contrasting with the substantial amount of data on resting state fMRI effects of wine, coffee
and chocolate intake, a surprisingly low number of studies addressed the consequences of their
chronic consumption on structural MRI parameters in healthy controls (without any misuse or
addiction-related behaviors). Most of them concerned alcohol beverages and remain highly
controversial. Linear decrease of grey matter (GM) volumes were reported with weekly alcohol
consumption mainly in men whereas white matter (WM) volume analysis led to conflicting data [33-36].
Regular caffeine use is known to reduce arterial spin labelling (ASL)-assessed cerebral blood flow
(CBF) [37,38] in healthy controls. To our knowledge, there were no studies investigating the relationship
between chocolate consumption and structural MRI parameters as well as ASL-assessed CBE.

In order to define the structural and cerebral blood flow correlates of regular consumption of
coffee, wine and chocolate in old age, we performed voxel-based morphometry (VBM), tract-based
spatial statistics (TBSS) that detect changes in grey and white matter microstructure and arterial spin
labelling (ASL) perfusion imaging in a community-based series of 145 elderly individuals aged from
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69.3 to 85.8 who were cognitively preserved at inclusion and underwent two neuropsychological
assessments during a subsequent 3-year period.

2. Materials and Methods

2.1. Participants

The data engaged in this article was retrieved from an ongoing large population-based
longitudinal study on healthy aging that is still ongoing in the Geneva and Lausanne counties.
The cohort included 526 elderly Caucasian white individuals living in Geneva and Lausanne
catchment area. Due to the need for excellent French knowledge (in order to participate in
detailed neuropsychological testing) the vast majority of the participants were Swiss (or born in
French-speaking European countries, 92%). At baseline, all individuals were evaluated with an
extensive neuropsychological battery, including the Mini-Mental State Examination (MMSE) [39],
the Hospital Anxiety and Depression Scale (HAD [40]), and the Lawton Instrumental Activities of
Daily Living (IADL, [41]). Cognitive assessment included (a) attention (Digit-Symbol-Coding [42],
Trail Making Test A [43]), (b) working memory (verbal: Digit Span Forward [44]), visuo-spatial:
Visual Memory Span (Corsi) [45], (c) episodic memory (verbal: RI-48 Cued Recall Test [46]), visual:
Shapes Test [47], (d) executive functions (Trail Making Test B [43], Wisconsin Card Sorting Test
and Phonemic Verbal Fluency Test), (e) language (Boston Naming [48]), (f) visual gnosis (Ghent
Overlapping Figures), (g) praxis: ideomotor [49], reflexive [50], and constructional (Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD), Figures copy [51]). All individuals were
also evaluated with the Clinical Dementia Rating scale (CDR) [52]. In agreement with the criteria of
Petersen et al. [53], participants with a CDR of 0.5 but no dementia and a score exceeding 1.5 standard
deviations below the age-appropriate mean in any of the cognitive tests were classified as MCI
and were excluded. Participants with neither dementia nor MCI were classified as cognitively
healthy controls and underwent full neuropsychological assessment at follow-ups, on average 18 and
36 months later. Exclusion criteria included psychiatric or neurologic disorders, sustained head injury,
history of major medical disorders (neoplasm or cardiac illness), alcohol or drug abuse, regular use of
neuroleptics, antidepressants or psychostimulants and contraindications to MR imaging. To control for
the confounding effect of cardiovascular diseases, individuals with subtle cardiovascular symptoms
and a history of stroke, severe hypertension and transient ischemic episodes were also excluded from
the present study.

At follow-up, which took place 18 months after inclusion, the cognitively healthy individuals
underwent full neuropsychological assessment. Individuals who obtained stable cognitive scores over
the baseline and follow-up evaluation were classified as stable controls. The progressive control group
obtained a follow-up evaluation of at least 0.5 standard deviations (SD) lower than measured at baseline,
on a minimum of two cognitive tests. Two neuropsychologists clinically assessed all individuals
independently. The final classification was determined by a trained neuropsychologist considering
both the results of the neuropsychological tests and overall clinical assessment [54]. All of the case’s
individuals were assessed once again 18 months later with the same neuropsychological battery.
The participants were subsequently grouped as described above (—0.5 SD in at least two cognitive
tests), with comparison of the scores of the latest assessment. Stable individuals showing no changes in
the second assessment were classified in the stable-stable (sCON) group and progressive individuals
demonstrating a further decline as deteriorating-deteriorating (ICON). The intermediate group (iCON)
refers to participants demonstrating a fluctuating scoring pattern, incorporating stable-progressive,
progressive-stable or progressive-improved individuals.

The final sample consisted of 52 sSCON (mean age 73 + 3 years; 32 women), 61 iCON (mean age
73 + 3 years; 30 women) and 32 dCON (mean age 74 & 4.0 years; 18 women). All participants gave
informed written consent after formal approval by the local Ethics Committee.
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The timeline of neuropsychological assessment, MR imaging and questionnaire is illustrated
online in Figure S1.

2.2. Substance Questionnaire

Usual caffeinated foods and beverages (coffee, chocolate) consumption as well as wine intake were
assessed by a self-administered questionnaire. Participants were asked to complete the questionnaire
entering the amount consumed by day, month and year (see online Supplementary Material). After
reception of the questionnaire and in case of doubt, additional information was obtained by phone calls
in order to obtain a global estimation of the consumption. In contrast, the type of coffee preparation
or wine was not explored further since no lines of evidence indicate a differential impact of these
preparations (or type of wine) in the human brain. The caffeine questionnaire was derived from
Reference [55] and related caffeine content can be found in References [56,57].

2.3. MRI Data Acquisition

Imaging data were acquired on a 3T MRI scanner (TRIO SIEMENS Medical Systems, Erlangen,
Germany) Essential data include: a high-resolution T1-weighted anatomical scan (magnetization
prepared rapid gradient echo (MPRAGE), 256 x 256 matrix, 176 slices 1 mm isotropic, TR = 2.27 ms),
a pulsed ASL sequence (64 x 64 matrix, 24 slices, voxel size 3.44 x 3.44 x 5 mm?, TE = 12 ms,
TR = 4000 ms, inversion time (TI) 1600 ms) and a diffusion tensor imaging DTI sequence (b = 0 and
30 diffusion directions with b = 1000 s/mm?2, 128 x 128 matrix, voxel size 2.0 x 2.0 x 2.0 mm?,
TE = 82.4 ms, TR = 7900 ms and 1 average).

Additional sequences included axial fast spin-echo T2w imaging (4000/105, 30 sections,
4-mm section thickness), susceptibility weighted imaging (28/20, 208 x 256 x 128 matrix,
1mm x Imm X 1 mm voxel size) were performed to exclude brain disease, such as ischemic stroke,
subdural hematomas, or space-occupying lesions.

2.4. Statistical Analysis of Demographic and Substance Data

Comparison among the three groups were performed with Fisher exact test, Kruskal-Wallis
test or one way ANOVA according to the distribution of the variables. Caffeinated foods and
beverages were considered as continuous variables, z-scores and also as tertile (light, moderate,
heavy consumers). Consumption of coffee was divided in tertile as follows: light (0-28 cups/month),
moderate (29-60 cups/month), heavy (61-168 cups/month). Light drinkers for wine corresponded to
a consumption of 0-8 units /month, moderate to a consumption of 9-28 units /month, and heavy to a
consumption of 29-200 units/month. Consumption of chocolate was divided in tertile as follows: light
(0-20 serving/month), moderate: 20-80 serving/month, heavy: 81-226 serving/month). Unadjusted,
adjusted and multiple ordered logistic regression models were used to predict group membership
(see results section for details) from the different type of consumptions (chocolate, coffee and wine).

2.5. MR Data Analysis

2.5.1. Whole-Brain Voxel-Based Morphometry (VBM)

The voxel-based morphometry analysis was carried out using the FSL software package [58],
according to the standard procedure. The essential processing steps included brain extraction using
Brain Extraction Tool [59], tissue-type segmentation using FMRIB’s Automated Segmentation Tool [60],
nonlinear transformation into Montreal Neurological Institute (MNI) reference space, and creation
of a study-specific GM template to which the native GM images were then nonlinearly re-registered.
The modulated segmented images were then smoothed with an isotropic Gaussian kernel with a sigma
of 2 mm. Finally, the voxel-wise FSL General Linear Model was applied by using permutation-based
non-parametric testing with the FSL Randomize Tool with the threshold-free cluster enhancement
(TFCE) correction for multiple comparisons [61], considering fully corrected p values < 0.05 as
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significant. The analysis was performed twice. First, the analysis was performed across all participants
across the entire brain using coffee, wine or chocolate as dependent variables- and age, gender,
education and MMSE score as potential confounders. Second, the analysis was performed as separate
models for the groups sCON, iCON and dCON using only one explanatory variable (coffee, wine or
chocolate) and again age, gender, education and MMSE score as non-explanatory variables.

2.5.2. Arterial Spin Labelling (ASL)

The reconstructed relCBF (relative cerebral blood flow) ASL perfusion images were spatially
normalized using a linear spatial alignment from ASL raw data to the individual high-resolution
3DT1 image, followed by the application of the non-linear spatial registration determined in the
pre-processing of the 3DT1 data. The spatial transformations were then applied to the relCBF
maps calculated directly on the MRI scanner, this two-steps approach results in a non-linear spatial
registration of the ASL relCBF map into the MNI space. We then calculated the whole brain average
relCBF, which was compared between groups with caffeine, wine and chocolate as dependent variables
with age, gender, education and MMSE score as potential confounders. Moreover, we applied a
voxel-wise local permutation-based, with threshold-free cluster enhancement (TFCE) correction for
multiple comparisons, considering fully corrected p values < 0.05 as significant. The statistical models
were performed similar to VBM described above.

2.5.3. Diffusion Tensor Imaging (DTI) Tract Based Spatial Statistics (TBSS)

The TBSS analysis of the DTI data was done implementing the FSL software package [58],
according to the standard procedure described in detail [62]. All subjects” FA data were projected
onto a mean FA skeleton using a non-linear spatial registration. The tract skeleton is the basis for
voxel-wise cross-subject statistics and reduces potential misregistrations as the source for false-positive
or false-negative analysis results. The other DTI-derived parameters—longitudinal, radial, and mean
diffusivity were analyzed in the same way using spatial transformation parameters that were estimated
in the initial FA analysis. Similar to the VBM analysis above, the TBSS was analyzed using voxel-wise
statistical analysis was performed TFCE correction for multiple comparisons, considering fully
corrected p values < 0.05 as significant. We used the John Hopkins University DTI-based white
matter tractography atlas, which is distributed in the FSL package, for anatomic labeling of the
supra-threshold voxels. The statistical models were performed similar to VBM described above.

2.5.4. GM Region of Interest (ROI) Analysis

In addition to the voxel-wise whole-brain analysis described above, we additionally performed a
region of interest (ROI) analysis. The whole was parcellated into 133 regions using the Combinostics
cMRI software package [63]. We performed bivariate linear regression models to predict each
MRI regional parameters from group and each substance entered either as z-score or as an ordinal
variable (tertile).

3. Results

3.1. Clinical, Demographic and Substance Data

The clinical and demographic data are summarized in Table 1. There were no statistically
significant differences in age, gender and education among the groups sCON, iCON and dCON.

When including one type of consumption as z-score in ordered logistic regression model to predict
group membership without and while adjusting for age, sex, education level and MMS, only wine
was associated with an increased risk of adverse evolution (ORynadjusted 1.012, 95% CI 1.002-1.023;
p = 0.017 unadjusted), (OR,gjusted 1.012, 95% CI 1.001-1.022; p = 0.028 adjusted). In a multiple ordered
logistic regression model adjusted for the same confounders as above and all type of consumptions,
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wine consumption remained significantly associated with the dCON status (OR,gjusted 1.401, 95% CI
1.003-1.955; p = 0.048).

When analyzing the consumption data as tertile, moderate coffee drinkers are less likely to
be classified as dCON (ORynadjusted 0-451, 95% CI 0.214-0.950; p = 0.036) (OR,gjusted 0-447, 95% CI
0.210-0.952; p = 0.037). This observation persists after adjusting for wine and chocolate consumption
ORagjusted = 0.455; 95% CI 0.208-0.995; p = 0.048.

Table 1. Clinical, demographic and substance data by evolution groups.

sCON iCON (Stable-Progressed/

(Stable-Stable/ Progressed-Stable/ (Pro ressde(d:-?’ljo ressed) Total p Value
Stable-Improved) Progressed-Improved) s s
N 52 61 32 145
Age 73.6 + 34 739 +33 74.0 + 3.8 738+ 35 0.898
Gender
Female 33 (63.5%) 30 (49.2%) 18 (56.3%) 81 (55.9%) 0.321
Male 19 (36.5%) 31 (50.8%) 14 (43.8%) 64 (44.1%)
Education (year)
<9 10 (19.2%) 5 (8.2%) 6 (18.8%) 21 (14.5%) 0315
9-12 20 (38.5%) 29 (47.5%) 16 (50.0%) 65 (44.8%) ;
>12 22 (42.3%) 27 (44.3%) 10 (31.3%) 59 (40.7%)
MMSE 28.6 £1.2 283 £13 285 £ 1.7 28514 0.534
Chocolate (serving/month) 61.3 £58.5 56.0 +49.2 464 + 444 5218; 0.443
Coffee (cup/month) 56.3 + 32.6 50.6 + 36.1 58.7 +43.2 52?51 0.535
Wine (glass/month) 18.6 +18.3 28.1£299 34.5 £43.7 22017i 0.054
Chocolate (tertile)
Light 18 (34.6%) 20 (32.8%) 15 (46.9%) 53 (36.6%) 0.689
Moderate 17 (32.7%) 22 (36.1%) 7 (21.9%) 46 (31.7%) .
Heavy 17 (32.7%) 19 (31.1%) 10 (31.3%) 46 (31.7%)
Coffee (tertile)
Light 12 (23.1%) 25 (41.0%) 13 (40.6%) 50 (34.5%) 0228
Moderate 21 (40.4%) 19 (31.1%) 7 (21.9%) 47 (32.4%) :
Heavy 19 (36.5%) 17 (27.9%) 12 (37.5%) 48 (33.1%)
Wine (tertile)
Light 24 (46.2%) 17 (27.9%) 12 (37.5%) 53 (36.6%) 0154
Moderate 19 (36.5%) 30 (49.2%) 8 (25.0%) 57 (39.3%) .
Heavy 9 (17.3%) 14 (23.0%) 12 (37.5%) 35 (24.1%)

3.2. MRI Analysis across the Entire Group

Across all participants, we observed a negative correlation in VBM with wine notably in bilateral
deep white matter regions (Figure 1).

Figure 1. Negative correlation between wine and VBM across all individuals. p < 0.05 TECE corrected.
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In contrast, no significant differences were observed for ASL or TBSS measures as a function of
the substances studied.

3.3. Group MRI Analysis

In sCON cases, we observed a significant positive correlation between ASL measures and wine
in left parietal white matter (Figure 2), overlapping with the results of the VBM correlation of all
individuals reported above.

Figure 2. Positive correlation between wine and ASL for only sCON individuals. p < 0.05
TFCE corrected.

Moreover, we observed a negative correlation between VBM and caffeine only in sCON
individuals notably in the white matter that was more pronounced in left parietal and right frontal
regions (Figure 3).

Importantly, there were no significant associations between these substances and MRI findings in
both iCON and dCON groups.

Figure 3. Negative correlation between caffeine and VBM for only sCON individuals. p < 0.05
TECE corrected.
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4. Discussion

We demonstrate an inverse association of wine and coffee consumption with cognitive
performances. In addition, low consumption of wine but also moderate to heavy coffee drinking was
associated with better WM preservation and cerebral blood-flow notably in cognitively stable elders.

At the behavioral level, the present study reveals that moderate consumption of caffeine is related
to better cognitive outcome in a community-based sample of 145 elderly controls that undergo two
detailed neuropsychological follow-ups in a 3-year period. Importantly, this association is limited to
low quantities and did not persist in cases with very subtle signs of cognitive instability (iCON) or
early phases of cognitive decline (dCON).

In contrast, increased consumption of wine is related to unfavorable cognitive evolution.
The relationship between drinking and cognitive performances in old age remains a highly
controversial issue. The deleterious effect of heavy wine consumption on cognitive evolution over time
in elderly controls has been already documented [8-10,64,65]. Several lines of evidence have suggested
that moderate drinking could have a slight positive impact on memory and verbal abilities [66,67] but
negative data have been also reported [64,68]. In our highly selected cases that mostly consumed very
low levels of alcohol (more than 75% among them consumed less than one unit per day and almost one
third less than eight units per month), we failed to document a positive association between moderate
wine drinking and cognition. In contrast, we found a negative relationship between increased wine
consumption and neuropsychological performances as already suggested previously (for review see
Reference [64]). It should, however, be noted that this finding was obtained when using z-scores
but not tertiles indicating that the heavy consumption of a limited number of elderly controls led
to this result. In contrast to wine, moderate caffeine consumption (up to two cups of coffee/day)
was associated with better cognitive outcome in our 3-year follow-up. This observation parallels
several previous reports on the protection conferred by moderate caffeine consumption in cognitive
aging [1-5]. Not surprisingly, chronic chocolate consumption was not associated with cognition in
our elderly controls. A positive effect of cocoa products seems to be confined to acute consumption as
previously reported [11,12].

Concerning brain MRI, we first assessed the entire dataset of healthy elderly controls and observed
a negative correlation between wine consumption and VBM in bilateral fronto-parietal white matter
(WM). This result may appear contra-intuitive at first glance, as VBM is usually used to assess
modifications in grey matter (GM) concentration. However, it should be noted that microvascular
WM lesion are very frequent in the elderly population. They appear as hypersignal on T2w/FLAIR
(fluid attenuated inversion recovery) sequences, and are usually reported on those sequences, e.g.,
using the Fazekas score. Although less evident and consequently usually less frequently assessed,
those microvascular WM lesions also appear as a hypointense signal on T1w images, which is the
basis of the VBM analysis. The negative correlation between wine and VBM in WM indicates less
hypointense signal on T1 and consequently a reduced severity of WM lesions with increasing wine
intake. Interestingly, the additionally performed TBSS analysis of the WM skeleton did not reveal
significant differences in FA (fractional anisotropy), which is considered as a microstructural marker
of axonal integrity. Taking together the results of VBM and TBSS, this indicates that increased wine
intake may reduce microvascular lesions of the fronto-parietal WM, while association between this
consumption and microstructural integrity of the WM seems more difficult to establish. Interestingly,
an increasing number of studies point to the positive association between low to moderate wine
consumption and WM integrity. In particular, Verbaten reported less white matter damage in elderly
light and moderate drinkers [33]. Similar results were reported by Mukamal for elders consuming
less than six units per week [69] for the vast majority of the present cases. Interestingly and unlike
cognitive performances, we did not detect a negative association between heavy drinking and WM
integrity. The absence of a U-shape association here may be related to the limited number of heavy
drinkers in this sample and low exposure to cardiovascular risk factors due to the exclusion criteria.
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A separate set of findings concerned with the association between consumption and brain
structure as a function of the cognitive fate in this longitudinal series. We built regression models for
each subgroup. Based on repeated neurocognitive testing, the healthy controls were sub-classified
into sCON, iCON and dCON. It is important to emphasize that even for the dCON participants,
the cognitive profile remains within the normal limits at follow-up, however, the individual cognitive
profile slightly decreased two times at 18 and 36 months follow-up. In contrast, the cognitive profile
remains constant twice for the sCON participants, and is intermediate for the iCON participants.
Only in the sCON individuals, we observed a positive correlation between wine and ASL in the WM,
overlapping with the regions of the VBM results across all participants reported above. This indicates
that wine does not only reduce the WM lesion load, but also improves brain perfusion at baseline;
however, this effect is limited in cases who remained cognitively stable over time. It is noteworthy
that among sCON cases, only six cases corresponded to the classical definition of heavy drinking
(>8 units for women and 15 for men), the mean consumption being less than one unit/day. In the
same line, we found a negative association between caffeine consumption and VBM only for sCON
participants in the right frontal and left parietal WM regions, without a significant association with
TBSS parameters. Similar to the argumentat above, this might indicate that caffeine reduces WM lesion
load only in sCON participants, without having a significant effect on WM microstructural integrity.
Interestingly, and in contrast to wine, most of the sSCON cases were of moderate or heavy consumption
of caffeine, not supporting the idea of a U-shaped association between caffeine consumption and WM
lesions. Moreover, the positive association between caffeine consumption and cognition was present
only in sCON participants consistent with the view that caffeine is a cognitive normalizer rather than a
cognitive enhancer [70,71]. As for cognitive outcome, chocolate consumption was not associated with
the MRI parameters studied in the present series suggesting that the chronic consumption of chocolate
is not beneficial nor deleterious for brain integrity or cognitive performances in old age.

5. Conclusions

In conclusion, the present observations confirm the opposite associations between wine and
coffee consumption on cognitive performances, suggesting a detrimental effect of heavy drinking
and benefits of chronic consumption of moderate quantities of coffee. The low consumption of wine
but also moderate to heavy coffee drinking is associated with better WM preservation and cerebral
blood-flow in cognitively stable elders without significant cerebrovascular pathologies. Strengths of
the present study include the longitudinal follow-up with detained neuropsychological battery in all
of our community-dwelling cases and absence of health-related confounders such as neurological,
psychiatric and cerebrovascular pathologies. Several limitations should however be considered when
interpreting these data. First, our cohort of healthy controls was without significant vascular pathology
and a high level of daily functioning without any symptom of substance abuse is not representative of
the entire spectrum of old age. Second, current consumption was assessed with a food questionnaire
based on self-reporting, leading to possible underestimation of wine consumption. Third, no data
on lifetime consumption were obtained, so the possible deleterious or beneficial effect of wine and
coffee use at midlife cannot be assessed. Finally, MRI assessment was performed at baseline and thus
we cannot comment on the association between MRI structural parameter changes and wine and
coffee consumption over time. Future studies in large community-based samples combining self and
proxy-reports, lifetime assessment of wine and coffee consumption and repeated MRI scans are needed
to shed additional light into the complex relationships between these substances and structural MRI
parameters in old age.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6643/10/10/1391/
s1, Figure S1: Timeline of imaging and neuropsychological testing.

Author Contributions: Conceptualization, S.H. and P.G.; Methodology, S.H., P.G.; Formal Analysis, S.H., M.-L.M.,
ER.H.; Investigation, C.R.; Patient recruitment and neuropsychological testing, C.R.; Writing-Review & Editing,
S.H., M.-LM,, P.G.; Funding Acquisition, C.R., P.G.

37



Nutrients 2018, 10, 1391

Funding: This work is supported by Swiss National Foundation grants SNF 3200B0-1161193 and SPUM
33CM30-124111 and an unrestricted grant from the Assocation Suisse pour la Recherche Alzheimer.

Acknowledgments: We thank all volunteers for participating in this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to
publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

Lindsay, J.; Laurin, D.; Verreault, R.; Hébert, R.; Helliwell, B.; Hill, G.B.; McDowell, I. Risk factors for
Alzheimer’s disease: A prospective analysis from the Canadian Study of Health and Aging. Am. . Epidemiol.
2002, 156, 445-453. [CrossRef] [PubMed]

Maia, L.; de Mendonca, A. Does caffeine intake protect from Alzheimer’s disease? Eur. ]. Neurol. 2002, 9,
377-382. [CrossRef] [PubMed]

Van Gelder, B.M.; Buijsse, B.; Tijhuis, M.; Kalmijn, S.; Giampaoli, S.; Nissinen, A.; Kromhout, D. Coffee
consumption is inversely associated with cognitive decline in elderly european men: The fine study. Eur. J.
Clin. Nutr. 2006, 61, 226-232. [CrossRef] [PubMed]

Eskelinen, M.H.; Ngandu, T.; Tuomilehto, J.; Soininen, H.; Kivipelto, M. Midlife coffee and tea drinking and
the risk of late-life dementia: A population-based CAIDE study. ]. Alzheimers Dis. 2009, 16, 85-91. [CrossRef]
[PubMed]

Ritchie, K.; Artero, S.; Portet, F.,; Brickman, A.; Muraskin, J.; Beanino, E.; Ancelin, M.; Carriéere, I. Caffeine,
cognitive functioning, and white matter lesions in the elderly: Establishing causality from epidemiological
evidence. J. Alzheimers Dis. 2010, 20 (Suppl. 1), S161-5166. [CrossRef] [PubMed]

Chu, Y.-F,; Chang, W.-H.; Black, R.M.; Liu, J.-R.; Sompol, P.; Chen, Y.; Wei, H.; Zhao, Q.; Cheng, LH. Crude
caffeine reduces memory impairment and amyloid 31-42 levels in an alzheimer’s mouse model. Food Chem.
2012, 135, 2095-2102. [CrossRef] [PubMed]

Solfrizzi, V.; Panza, F.; Imbimbo, B.P.; D'Introno, A.; Galluzzo, L.; Gandin, C.; Misciagna, G.; Guerra, V.;
Osella, A.; Baldereschi, M.; et al. Coffee consumption habits and the risk of mild cognitive impairment:
The Italian longitudinal study on aging. ]. Alzheimers Dis. 2015, 47, 889-899. [CrossRef] [PubMed]

Tlomaki, J.; Jokanovic, N.; Tan, E.C.; Lonnroos, E. Alcohol consumption, dementia and cognitive decline:
An overview of systematic reviews. Curr. Clin. Pharmacol. 2015, 10, 204-212. [CrossRef] [PubMed]

Panza, F; Frisardi, V.; Seripa, D.; Logroscino, G.; Santamato, A.; Imbimbo, B.P.; Scafato, E.; Pilotto, A.;
Solfrizzi, S. Alcohol consumption in mild cognitive impairment and dementia: Harmful or neuroprotective.
Int. ]. Geriatr. Psychiatry 2012, 27, 1218-1238. [CrossRef] [PubMed]

Topiwala, A.; Ebmeier, K.P. Effects of drinking on late-life brain and cognition. Evid. Based Ment. Health 2018,
21,12-15. [CrossRef] [PubMed]

Sokolov, A.N.; Pavlova, M.A.; Klosterhalfen, S.; Enck, P. Chocolate and the brain: Neurobiological impact of
cocoa flavanols on cognition and behavior. Neurosci. Biobehav. Rev. 2013, 37, 2445-2453. [CrossRef] [PubMed]
Socci, V.; Tempesta, D.; Desideri, G.; De Gennaro, L.; Ferrara, M. Enhancing human cognition with cocoa
flavonoids. Front. Nutr. 2017, 4. [CrossRef] [PubMed]

Decroix, L.; Tonoli, C.; Soares, D.D.; Tagougui, S.; Heyman, E.; Meeusen, R. Acute cocoa flavanol improves
cerebral oxygenation without enhancing executive function at rest or after exercise. Appl. Physiol. Nutr. Metab.
2016, 41, 1225-1232. [CrossRef] [PubMed]

Klaassen, E.B.; de Groot, RH.M.; Evers, E.A.T.; Snel, J.; Veerman, E.C.I,; Ligtenberg, A.J.M.; Jolles, J.;
Veltman, D.J. The effect of caffeine on working memory load-related brain activation in middle-aged males.
Neuropharmacology 2013, 64, 160-167. [CrossRef] [PubMed]

Vidyasagar, R.; Greyling, A.; Draijer, R.; Corfield, D.R.; Parkes, L.M. The effect of black tea and caffeine
on regional cerebral blood flow measured with arterial spin labeling. J. Cereb. Blood Flow Metab. 2013, 33,
963-968. [CrossRef] [PubMed]

Joris, PJ.; Mensink, R.P,; Adam, T.C.; Liu, T.T. Cerebral blood flow measurements in adults: A review on the
effects of dietary factors and exercise. Nutrients 2018, 10. [CrossRef] [PubMed]

38



Nutrients 2018, 10, 1391

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Arendash, G.W.; Schleif, W.; Rezai-Zadeh, K.; Jackson, E.K.; Zacharia, L.C.; Cracchiolo, J.R.; Shippy, D.; Tan, J.
Caffeine protects alzheimer’s mice against cognitive impairment and reduces brain 3-amyloid production.
Neuroscience 2006, 142, 941-952. [CrossRef] [PubMed]

Arendash, G.W.; Mori, T.; Cao, C.; Mamcarz, M.; Runfeldt, M.; Dickson, A.; Rezai-Zadeh, K.; Tan, J.;
Citron, B.A; Lin, X.; et al. Caffeine reverses cognitive impairment and decreases brain amyloid-beta levels in
aged Alzheimer’s disease mice. ]. Alzheimers Dis. 2009, 17, 661-680. [CrossRef] [PubMed]

Dall'Igna, O.P; Fett, P.; Gomes, M.W.; Souza, D.O.; Cunha, R.A.; Lara, D.R. Caffeine and adenosine A2a
receptor antagonists prevent 3-amyloid (25-35)-induced cognitive deficits in mice. Exp. Neurol. 2007, 203,
241-245. [CrossRef] [PubMed]

Espinosa, J.; Rocha, A.; Nunes, E; Costa, M.S.; Schein, V.; Kazlauckas, V.; Kalinine, E.; Souza, D.O.;
Cunha, R.A.; Porcitincula, L.O.; et al. Caffeine consumption prevents memory impairment, neuronal
damage, and adenosine A2A receptors upregulation in the hippocampus of a rat model of sporadic dementia.
J. Alzheimers Dis. 2013, 34, 509-518. [CrossRef] [PubMed]

Han, K,; Jia, N.; Li, J.; Yang, L.; Min, L.Q. Chronic caffeine treatment reverses memory impairment and the
expression of brain BNDF and TrkB in the PS1/APP double transgenic mouse model of Alzheimer’s disease.
Mol. Med. Rep. 2013, 8, 737-740. [CrossRef] [PubMed]

Cao, C.; Wang, L.; Lin, X.; Mamcarz, M.; Zhang, C.; Bai, G.; Nong, J.; Sussman, S.; Arendash, G. Caffeine
synergizes with another coffee component to increase plasma GCSF: Linkage to cognitive benefits in
Alzheimer’s mice. . Alzheimers Dis. 2011, 25, 323-335. [CrossRef] [PubMed]

Laurienti, PJ.; Field, A.S.; Burdette, ]. H.; Maldjian, J.A.; Yen, Y.-F.; Moody, D.M. Dietary caffeine consumption
modulates fmri measures. Neurolmage 2002, 17, 751-757. [CrossRef] [PubMed]

Rack-Gomer, A.L.; Liau, J.; Liu, T.T. Caffeine reduces resting-state bold functional connectivity in the motor
cortex. Neurolmage 2009, 46, 56-63. [CrossRef] [PubMed]

Wong, C.W.; Olafsson, V.; Tal, O.; Liu, T.T. Anti-correlated networks, global signal regression, and the effects
of caffeine in resting-state functional mri. Neurolmage 2012, 63, 356-364. [CrossRef] [PubMed]

Tal, O.; Diwakar, M.; Wong, C.-W.; Olafsson, V.; Lee, R.; Huang, M.-X,; Liu, T.T. Caffeine-induced global
reductions in resting-state bold connectivity reflect widespread decreases in meg connectivity. Front. Hum.
Neurosci. 2013, 7. [CrossRef] [PubMed]

Mufioz, G.; Urrutia, J.C.; Burgos, C.F; Silva, V.; Aguilar, F.; Sama, M.; Yeh, H.H.; Opazo, C.; Aguayo, L.G. Low
concentrations of ethanol protect against synaptotoxicity induced by af in hippocampal neurons. Neurobiol.
Aging 2015, 36, 845-856. [CrossRef] [PubMed]

Vergara, V.M.; Liu, J.; Claus, E.D.; Hutchison, K.; Calhoun, V. Alterations of resting state functional network
connectivity in the brain of nicotine and alcohol users. Neuroimage 2017, 151, 45-54. [CrossRef] [PubMed]
Spagnolli, E; Cerini, R.; Cardobi, N.; Barillari, M.; Manganotti, P.; Storti, S.; Mucelli, R.P. Brain modifications
after acute alcohol consumption analyzed by resting state fMRI. Magn. Reson. Imaging 2013, 31, 1325-1330.
[CrossRef] [PubMed]

Wang, J.; Varghese, M.; Ono, K.; Yamada, M.; Levine, S.; Tzavaras, N.; Gong, B.; Hurst, W.J.; Blitzer, R.D.;
Pasinetti, G.M. Cocoa extracts reduce oligomerization of amyloid-f: Implications for cognitive improvement
in Alzheimer’s disease. |. Alzheimers Dis. 2014, 41, 643-650. [CrossRef] [PubMed]

Cimini, A.; Gentile, R.; D’Angelo, B.; Benedetti, E.; Cristiano, L.; Avantaggiati, M.L.; Giordano, A_; Ferri, C.;
Desideri, G. Cocoa powder triggers neuroprotective and preventive effects in a human alzheimer’s disease
model by modulating bdnf signaling pathway. J. Cell. Biochem. 2013, 114, 2209-2220. [CrossRef] [PubMed]
Nehlig, A. The neuroprotective effects of cocoa flavanol and its influence on cognitive performance. Br. J.
Clin. Pharmacol. 2013, 75, 716-727. [CrossRef] [PubMed]

Verbaten, M.N. Chronic effects of low to moderate alcohol consumption on structural and functional
properties of the brain: Beneficial or not? Hum. Psychopharmacol. Clin. Exp. 2009, 24, 199-205. [CrossRef]
[PubMed]

Anstey, K.J.; Jorm, A.F; Réglade-Meslin, C.; Maller, ].; Kumar, R.; von Sanden, C.; Windsor, T.D.; Rodgers, B.;
Wen, W.; Sachdev, P. Weekly alcohol consumption, brain atrophy, and white matter hyperintensities in a
community-based sample aged 60 to 64 years. Psychosom. Med. 2006, 68, 778-785. [CrossRef] [PubMed]
Debruin, E.; Hulshoffpol, H.; Schnack, H.; Janssen, J.; Bijl, S.; Evans, A.; Leonkenemans, J.; Kahn, R.;
Verbaten, M. Focal brain matter differences associated with lifetime alcohol intake and visual attention in
male but not in female non-alcohol-dependent drinkers. Neurolmage 2005, 26, 536-545. [CrossRef] [PubMed]

39



Nutrients 2018, 10, 1391

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

Sachdev, PS.; Chen, X.; Wen, W.; Anstey, K.J.; Anstry, K.J. Light to moderate alcohol use is associated with
increased cortical gray matter in middle-aged men: A voxel-based morphometric study. Psychiatry Res. 2008,
163, 61-69. [CrossRef] [PubMed]

Addicott, M.A ; Yang, L.L.; Peiffer, A.M.; Burnett, L.R.; Burdette, ]. H.; Chen, M.Y.; Hayasaka, S.; Kraft, R.A.;
Maldjian, J.A.; Laurienti, PJ. The effect of daily caffeine use on cerebral blood flow: How much caffeine can
we tolerate? Hum. Brain Mapp. 2009, 30, 3102-3114. [CrossRef] [PubMed]

Pelligrino, D.A.; Xu, H.L.; Vetri, F. Caffeine and the control of cerebral hemodynamics. J. Alzheimers Dis.
2010, 20 (Suppl. 1), S51-S62. [CrossRef] [PubMed]

Folstein, MLE; Folstein, S.E.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive
state of patients for the clinician. J. Psychiatr. Res. 1975, 12, 189-198. [CrossRef]

Zigmond, A.S.; Snaith, R.P. The hospital anxiety and depression scale. Acta Psychiatr. Scand. 1983, 67, 361-370.
[CrossRef] [PubMed]

Barberger-Gateau, P.; Commenges, D.; Gagnon, M.; Letenneur, L.; Sauvel, C.; Dartigues, J.-F. Instrumental
activities of daily living as a screening tool for cognitive impairment and dementia in elderly community
dwellers. J. Am. Geriatr. Soc. 1992, 40, 1129-1134. [CrossRef] [PubMed]

Wechsler, D.A. Wechsler Memory Scale, 3rd ed.; Psychological Corporation: San Antonio, TX, USA, 1997.
REITAN, R.M. Validity of the trail making test as an indicator of organic brain damage. Percept. Mot. Ski.
1958, 8, 271-276. [CrossRef]

Wechsler, D. Manual for the Wechsler Adult Intelligence Scale; Psychological Corporation: New York, NY, USA,
1955.

Milner, B. Interhemispheric differences in the localization of psychological processes in man. Columbia Méd.
Bull. 1971, 27, 272-277. [CrossRef]

Buschke, H.; Sliwinski, M.J.; Kuslansky, G.; Lipton, R.B. Diagnosis of early dementia by the double memory
test: Encoding specificity improves diagnostic sensitivity and specificity. Neurology 1997, 48, 989-996.
[CrossRef] [PubMed]

Baddley, A.; Emslie, H.; Nimmo-Smith, I. Doors and People: A Test of Visual and Verbal Recall and Recognition;
Bury St Edmunds: St Edmundsbury, UK, 1994.

Kaplan, E.F; Goodglass, H.; Weintraub, S. The Boston Naming Test, 2nd ed.; Lea & Febiger: Philadelphia, PA,
USA, 1983.

Schnider, A.; Hanlon, R.E.; Alexander, D.N.; Benson, D.F. Ideomotor apraxia: Behavioral dimensions and
neuroanatomical basis. Brain Lang. 1997, 58, 125-136. [CrossRef] [PubMed]

Poeck, K. Clues to the Nature of disruption to limb Praxis. In Neuropsychological Studies of Apraxia and Related
Disorders; Elsevier: Amsterdam, The Netherlands, 1985; pp. 99-109.

Welsh, K.A.; Butters, N.; Mohs, R.C.; Beekly, D.; Edland, S.; Fillenbaum, G.; Heyman, A. The consortium to
establish a registry for alzheimer’s disease (cerad). Part V. A normative study of the neuropsychological
battery. Neurology 1994, 44, 609-614. [CrossRef] [PubMed]

Hughes, C.P; Berg, L.; Danziger, W.L.; Coben, L.A.; Martin, R.L. A new clinical scale for the staging of
dementia. Columbia ]. Psychiatry 1982, 140, 566-572. [CrossRef]

Petersen, R.C.; Doody, R.; Kurz, A.; Mohs, R.C.; Morris, ].C.; Rabins, P.V,; Ritchie, K.; Rossor, M.; Thal, L.;
Winblad, B. Current concepts in mild cognitive impairment. Arch. Neurol. 2001, 58, 1985-1992. [CrossRef]
[PubMed]

Xekardaki, A.; Rodriguez, C.; Montandon, M.-L.; Toma, S.; Tombeur, E.; Herrmann, FR.; Zekry, D.;
Lovblad, K.-O.; Barkhof, E; Giannakopoulos, P et al. Arterial spin labeling may contribute to the prediction
of cognitive deterioration in healthy elderly individuals. Radiology 2015, 274, 490-499. [CrossRef] [PubMed]
Bolca, S.; Huybrechts, I.; Verschraegen, M.; De Henauw, S.; Van de Wiele, T. Validity and reproducibility
of a self-administered semi-quantitative food-frequency questionnaire for estimating usual daily fat, fibre,
alcohol, caffeine and theobromine intakes among belgian post-menopausal women. Int. ]. Environ. Res.
Public Heal. 2009, 6, 121-150. [CrossRef] [PubMed]

Harland, B.F. Caffeine and nutrition. Nutrition 2000, 16, 522-526. [CrossRef]

Heckman, M.A.; Weil, ].; de Mejia, E.G. Caffeine (1, 3, 7-trimethylxanthine) in foods: A comprehensive review
on consumption, functionality, safety, and regulatory matters. J. Food Sci. 2010, 75, R77-R87. [CrossRef]
[PubMed]

FSL Software Package. Available online: http://www.fmrib.ox.ac.uk/fsl/ (accessed on 20 February 2018).

40



Nutrients 2018, 10, 1391

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Brain Extraction Tool. Available online: http://www.fmrib.ox.ac.uk/fsl/fslwiki/BET (accessed on
20 February 2018).

FMRIB’s Automated Segmentation Tool. Available online: http://www.fmrib.ox.ac.uk/fsl/fslwiki/fast
(accessed on 20 February 2018).

Smith, S.; Nichols, T. Threshold-free cluster enhancement: Addressing problems of smoothing, threshold
dependence and localisation in cluster inference. Neurolmage 2009, 44, 83-98. [CrossRef] [PubMed]

Smith, S.M.; Jenkinson, M.; Johansen-Berg, H.; Rueckert, D.; Nichols, T.E.; Mackay, C.E.; Watkins, K.E.;
Ciccarelli, O.; Cader, M.Z.; Matthews, PM.; et al. Tract-based spatial statistics: Voxelwise analysis of
multi-subject diffusion data. Neuroimage 2006, 31, 1487-1505. [CrossRef] [PubMed]

Combinostics ctMRI Software Package. Available online: https://www.cneuro.com (accessed on 20
February 2018).

Sabia, S.; Elbaz, A.; Britton, A.; Bell, S.; Dugravot, A.; Shipley, M.; Kivimaki, M.; Singh-Manoux, A. Alcohol
consumption and cognitive decline in early old age. Neurology 2014, 82, 332-339. [CrossRef] [PubMed]

Xu, G,; Liu, X; Yin, Q.; Zhu, W.; Zhang, R.; Fan, X. Alcohol consumption and transition of mild cognitive
impairment to dementia. Psychiatry Clin. Neurosci. 2009, 63, 43-49. [CrossRef] [PubMed]

Corley, J.; Jia, X.; Brett, C.E.; Gow, A.].; Starr, ].M.; Kyle, ].A.M.; McNeill, G.; Deary, L]. Alcohol intake
and cognitive abilities in old age: The lothian birth cohort 1936 study. Neuropsychology 2011, 25, 166-175.
[CrossRef] [PubMed]

Huntley, J.; Corbett, A.; Wesnes, K.; Brooker, H.; Stenton, R.; Hampshire, A.; Ballard, C. Online assessment
of risk factors for dementia and cognitive function in healthy adults. Int. ]. Geriatr. Psychiatry 2018, 33,
€286—e293. [CrossRef] [PubMed]

Lobo, E.; Dufouil, C.; Marcos, G.; Quetglas, B.; Saz, P.; Guallar, E.; Lobo, A. Is There an Association Between
Low-to-Moderate Alcohol Consumption and Risk of Cognitive Decline? Am. ]. Epidemiol. 2010, 172, 708-716.
[CrossRef] [PubMed]

Mukamal, K.J. Alcohol consumption and abnormalities of brain structure and vasculature. Am. J. Geriatr.
Cardiol. 2004, 13, 22-28. [CrossRef] [PubMed]

Haller, S.; Montandon, M.L.; Rodriguez, C.; Moser, D.; Toma, S.; Hofmeister, J.; Sinanaj, I.; Lovblad, K.O.;
Giannakopoulos, P. Acute caffeine administration effect on brain activation patterns in mild cognitive
impairment. |. Alzheimers Dis. 2014, 41, 101-112. [CrossRef] [PubMed]

Cunha, R.A.; Agostinho, PM. Chronic caffeine consumption prevents memory disturbance in different
animal models of memory decline. J. Alzheimers Dis. 2010, 20 (Suppl. 1), S95-5116. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

41



nutrients @\py

Article

The Acute Effects of Caffeinated Black Coffee on
Cognition and Mood in Healthy Young and
Older Adults

Crystal E. Haskell-Ramsay '*, Philippa A. Jackson !, Joanne S. Forster !, Fiona L. Dodd !,
Samantha L. Bowerbank ? and David O. Kennedy !

1 Brain, Performance and Nutrition Research Centre, Northumbria University, Newcastle Upon-Tyne NE1 85T,

UK; philippajackson@northumbria.ac.uk (P.A.].); jo.forster@northumbria.ac.uk (J.S.E);
f.dodd@northumbria.ac.uk (FL.D.); david kennedy@northumbria.ac.uk (D.O.K.)

2 Faculty of Health and Life Sciences, Northumbria University, Newcastle Upon-Tyne NE1 8ST, UK;
samantha.bowerbank@northumbria.ac.uk

*  Correspondence: crystal.haskell-ramsay@northumbria.ac.uk; Tel.: +44-191-2274875

Received: 20 August 2018; Accepted: 24 September 2018; Published: 30 September 2018

Abstract: Cognitive and mood benefits of coffee are often attributed to caffeine. However, emerging
evidence indicates behavioural effects of non-caffeine components within coffee, suggesting the
potential for direct or synergistic effects of these compounds when consumed with caffeine in regular
brewed coffee. The current randomised, placebo-controlled, double-blind, counterbalanced-crossover
study compared the effects of regular coffee, decaffeinated coffee, and placebo on measures of
cognition and mood. Age and sex effects were explored by comparing responses of older (61-80 years,
N = 30) and young (20-34 years, N = 29) males and females. Computerised measures of episodic
memory, working memory, attention, and subjective state were completed at baseline and 30 min
post-drink. Regular coffee produced the expected effects of decreased reaction time and increased
alertness when compared to placebo. When compared to decaffeinated coffee, increased digit
vigilance accuracy and decreased tiredness and headache ratings were observed. Decaffeinated coffee
also increased alertness when compared to placebo. Higher jittery ratings following regular coffee
in young females and older males represented the only interaction of sex and age with treatment.
These findings suggest behavioural activity of coffee beyond its caffeine content, raising issues with
the use of decaffeinated coffee as a placebo and highlighting the need for further research into its
psychoactive effects.

Keywords: coffee; caffeine; chlorogenic acids; phenolic; cognition; cognitive; mood; age; sex

1. Introduction

Coffee consumption is associated with a number of health benefits in elderly men and
women including reduced risk of cardiovascular disease (CVD) [1], lower incidence of type 2
diabetes mellitus [2], and decreased death from inflammatory diseases [3], CVD [4,5], and all-cause
mortality [6,7]. A number of physiological factors associated with these conditions are relevant to
cognitive function in healthy ageing, as well as pathological ageing conditions such as dementia
or Alzheimer’s disease (AD). Indeed, a number of epidemiological studies have demonstrated
an association between higher coffee consumption and better performance on cognitive tests in
older adults [8,9], as well as an inverse relationship between coffee consumption and risk of
dementia/AD [10-14].
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Cognitive benefits from coffee consumption are typically attributed to caffeine, which exerts its
effects through non-selective antagonism of adenosine A; and Ay receptors [15]. In support of this,
a number of studies have demonstrated the ability of caffeine to improve measures of attention and
increase ratings of alertness [16-18]. However, coffee contains more than 1000 different compounds
including phenolics, diterpenes, and melanoidins [19], all of which have the potential to affect
behaviour either directly or indirectly through interaction with caffeine. This is demonstrated by
studies showing direct psychoactive effects and modulation of caffeine’s effects by the amino acid
I-theanine, present in tea [20-22]. Similarly, lengthened startled blink onset latency has been shown
following decaffeinated coffee as compared to caffeinated coffee, caffeinated juice, and non-caffeinated
juice [23]. Chlorogenic acids (CGA) are a group of phenolic compounds representing the principal
non-caffeine components in coffee [24] and have been explored in relation to mood and cognition in
healthy, elderly participants [25]. In comparison to regular CGA decaffeinated coffee (224 mg CGA,
5 mg caffeine), high CGA decaffeinated coffee (521 mg CGA, 11 mg caffeine) increased alertness and
decreased negative emotional processing, whereas caffeinated coffee (244 mg CGA, 167 mg caffeine)
increased accuracy on a sustained attention task and improved mood. These results indicate that the
addition of CGA to regular decaffeinated coffee can modulate its effects on behaviour. The effects of
CGA were explored further in a study comparing 540 mg isolated CGA, 6 g decaffeinated green
blend coffee (532 mg CGA), and placebo [26]. Whilst positive effects on mood were observed
following decaffeinated green blend coffee, these effects were not evident following CGA in isolation,
which also led to detrimental effects to cognition at 120 min post-drink. This provides further evidence
for behavioural effects of decaffeinated coffee and highlights the need to consider the synergistic
contribution of non-caffeine compounds in coffee.

Coffee is one of the most widely consumed beverages in the world, yet intervention trials
examining the specific impact of consuming regular, brewed coffee on cognition and mood are lacking.
Given the potential for non-caffeine components within coffee to exert psychoactive effects or to
interact synergistically with caffeine, it is important that the effects of regular coffee and decaffeinated
coffee are compared to placebo. In addition, despite physiological differences between men and
women, including in their nutrient needs and in cognitive performance [27,28], sex differences are
rarely considered in nutritional intervention trials. This is particularly important here, as studies of the
relationship between coffee and cognitive decline have indicated that whilst reduced risk is related to
coffee consumption in men [29], the effect is more pronounced in women [30,31]. This suggests that
greater effects of coffee consumption may be observed in older adults as a consequence of cognitive
decline, and that these beneficial effects may be enhanced in females. Furthermore, given the impact
of the menstrual cycle on resting metabolic rate [32] and systemic clearance of caffeine [33], it is
also possible that sex differences in response will be moderated by age. In order to explore this
further, the current study compared the behavioural effects of regular coffee, decaffeinated coffee
and placebo in elderly participants (61-80 years) to those in a younger (20-34 years) adult group and
examined differential responses in men and women. As debate continues as to whether caffeine’s
effects are modulated by habitual consumption [34,35] only those who regularly consumed coffee and
tea were included.

2. Materials and Methods

2.1. Design

A randomised, placebo-controlled, double-blind, counterbalanced-crossover design was
employed. The study was approved by Northumbria University’s Faculty of Health and Life Sciences
Ethics Committee (reference: SUB057_Forster_090216; approved: 26 February 2016) and was conducted
in accordance with the Declaration of Helsinki.
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2.2. Participants

Seventy-two participants were drawn through an opportunity sample within Newcastle upon
Tyne and the surrounding areas. Thirty-six of these represented an older group aged 61 to 80 years
(18 male), and 36 represented a younger comparator group aged 20 to 34 years (18 male). Sample size
was determined from a power calculation based upon previous data showing improvements to
cognition and mood in habitual caffeine consumers following 150 mg caffeine [16]. An effect size
of d = 0.6 indicated that a total of 72 participants would allow detection of significant effects with a
power of 0.8. All participants were healthy non-smokers for whom English was their first language.
Participants were not currently taking medication with the exception of contraception in young female
participants and those used in the treatment of arthritis, high blood pressure, high cholesterol, and
reflux-related conditions in the older participant group. Due to the potential impact of habitual caffeine
intake on response, only those who regularly consumed more than two cups of coffee or three cups of
tea (equating to >150 mg caffeine/day) were included. Participants were paid £60 for taking part.

Thirteen participants were excluded from the per protocol analysis (12 based on high (>1 ug/mL)
pre-dose caffeine salivary levels, and one due to under-consumption of the drink provided).
The population for analysis (see Figure 1) consisted of 30 older adults (14 male) and 29 young (16 males).
Participant characteristics for each age group by sex can be found in Table 1.

Screening
N =85 screened
(OF: 24, OM: 21, YF: 20, YM: 20)
N =2 failed screening
(OF:1, OM: 1)

Training
N =83 completed
(OF: 23, OM: 20, YF: 20, YM: 20)

Drop-outs
N=11
(OF:5, OM: 2, YF: 2, YM: 2)

Randomisation and completion
N=72
(OF: 18, OM: 18, YF: 18, YM: 18)

Included in analysis
N =59
(OF: 16, OM: 14, YF: 13, YM: 16)

Figure 1. Final participant disposition. N = Number of participants; OF = Older Female; OM = Older
Male; YF = Younger Female; YM = Younger Male.
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Table 1. Participant demographics (SD = Standard Deviation).

Young Older
Male Female Male Female
Mean SD Mean SD Mean SD Mean SD
Age 26.3 44 26.2 3.6 67.7 6.3 67.1 34
Years in education 18 3 17 3 16 5 14 4
Body Mass Index (BMI) 25.7 3.8 23.8 3.6 259 34 26.1 39
Caffeine consumption (mg/day) 327 88.2 351 110.4 426 74.4 394 87.8
Coffee consumption (cups/day) 2.88 1.54 2.54 1.45 2.64 1.13 3.59 0.93
Fruit and vegetables (portions/day) 43 15 41 14 44 19 54 1.8

2.3. Treatment

At each study visit, one of the following drinks was administered by an independent third party
with no further involvement in the study.

e 220 mL water mixed with 2.5 g coffee flavouring (placebo)
e 220 mL regular coffee (without milk and sugar) containing 100 mg caffeine
e 220 mL decaffeinated coffee (without milk and sugar) containing ~5 mg caffeine

The order in which participants received each drink was determined by computer-generated
random allocation (Latin square) for each sex (male, female) by group (older and younger age
comparators). Regular and decaffeinated coffee were brewed using two separate drip filter coffee
makers following a standardised brewing procedure, including the use of filter papers to minimise
cafestol and kahweol levels. Placebo consisted of 2.5 g flavouring (maltodextrin 2.26 g, dark roast 0.1 g,
mild roast 0.1 g, and coffee natural 0.04 g—Firmenich SA, Meyrin, Satigny, Switzerland) added to
boiling water. Drinks were matched for temperature (58 °C) and served in an opaque thermal beaker
with a black opaque straw with 5 min allowed for drinking.

2.4. Salivary Caffeine Levels

Saliva samples were obtained using salivettes (Sarstedt, Leicester, UK). Samples were taken
immediately prior to baseline assessments in order to confirm compliance to abstinence and following
post-drink assessments to confirm effective caffeine absorption. The saliva samples were immediately
frozen at —20 °C until thawing. Once thawed, salivette tubes were centrifuged at 15,000x g for
10 min. Stock solutions of caffeine, paraxanthine, and benzotriazole (internal standard) were prepared
in type I ultra-pure water at a concentration of 100 ug/mL. Calibration standards for caffeine and
paraxanthine were prepared between 0.05 and 5.00 pg/mL. Quality control samples were also prepared
at a concentration of 2.5 ug/mL. Internal standard (50 uL at 5.0 ug/mL) was added to 50 uL of each
standard and sample in duplicate. To extract the compounds 2 mL of ethyl acetate was added and
solutions were vortex mixed for 3 min following by centrifugation at 4000 x g for 10 min. The organic
layer was transferred to a clean tube and dried under a stream of nitrogen at 45 °C. The residue was
reconstituted in 100 uL of mobile phase and 50 puL injected onto the column.

Saliva samples were analysed with high-performance liquid chromatography. The HPLC system
was an Agilent 1260 Infinity™ (Cheadle, Greater Manchester, UK) consisting of an Infinity™ quaternary
pump, an Infinity™ Autosampler with integrated column oven and an Infinity™ multi-wavelength
detector set at 280 nm. Instrument control and data processing was performed using Agilent OpenLab™
CDS (Agilent Technologies Ltd., Cheadle, UK). Chromatographic separation was achieved on a Kinetex
Cyg column (4.6 x 250 mm i.d., particle size 5 um; Phenomenex Ltd., Macclesfield, UK). The mobile
phase consisted of acetonitrile, acetic acid and type I ultra-pure water (5:1:95, v%:v%:v%) delivered at a
flow rate of 1.00 mL/min.
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2.5. Cognitive and Mood Measures

With the exception of driving ability, all cognitive and mood measures were delivered using
the Computerised Mental Performance Assessment System (COMPASS, Northumbria University,
Newcastle upon Tyne, UK), a purpose-designed software application for the flexible delivery
of randomly generated parallel versions of standard and novel cognitive assessment tasks.
This assessment system has previously been shown to be sensitive to nutritional interventions [36,37]
including caffeine [20]. The tasks and mood scales were chosen based on their known sensitivity to
caffeine or susceptibility to ageing. Tasks were presented in the same order on each occasion and, with
the exception of the paper and pencil tasks (immediate and delayed word recall and verbal fluency),
responses were made using a response pad. The entire selection of tasks took approximately 25 min to
complete. See Table 2 for order and scoring of tasks completed at baseline. Due to the potential for
interference from repeat completions, computerised location learning and driving simulation were
only completed post-dose on study visits with the final session from their training day used as the
statistical baseline in the analyses.

Table 2. Cognitive tasks completed at baseline and 30 min post-dose in order of presentation
(computerised location learning and driving ability are described below).

Task Descriptor Scoring Domain

A series of words is displayed on the screen,
. one word at a time. In this case, 15 words were
Word presentation . . . -
presented with a display time of 1 s and

interstimulus interval of 1 s

Participants are instructed to write down the
words that were presented. In this case, 60 s
were given to complete the task

Number correct and

Episodic memor
number of errors P y

Immediate word recall

A series of photographic images are displayed
. . on the screen, one at a time. In this case, 15
Picture presentation . . . : -
images were presented with a display time of 2

s and an interstimulus interval of 1 s

An upwards pointing arrow is displayed on the
screen at irregular intervals. Participants must
respond as quickly as they can as soon as they
see the arrow appear. In this case, 50 stimuli
were presented

Simple reaction time Reaction time (ms) Attention

A fixed number appears on the right of the

screen and a series of changing numbers .
SIng Accuracy (%), reaction

Digit vigilance

appear on the left of the screen at the rate of
150 per minute. Participants are required to
make a response when the number on the left
matches the number on the right. In this case
the task lasted for 3 min

time for the correct

responses (ms) and false

alarms (number)

Attention

Numeric working

Five single target numbers are displayed on the
screen, one at a time. Participants are required
to memorise these numbers as they appear.
Once the target series has been presented,

Accuracy (%) and
reaction time for the

Working memory

memory numbers are displayed one at a time and correct responses (ms)
participants are required to indicate if each P
number was presented in the previous list or
not. In this case, three trials were completed
Participants are presented with a letter on I\Ieliﬁli)tidcz:ijs with
screen and asked to write down as many words f\ames and .

Verbal fluency as they can, beginning with that letter. In this erseverations Language
case, the letters presented were A, T, C, F, M, giscoun ted from the total
and S and 60 s were given to complete the task
score
Participants are instructed to write down the
ords that were presented to them at the Number correct and o
Delayed word recall W werep Episodic memory

beginning of the assessment. In this case, 60 s
were given to complete the task

number of errors
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Table 2. Cont.

Task Descriptor Scoring Domain

A continuous series of single digits are
presented in the centre of the screen at the rate o .
. . . Accuracy (%), reaction
of 100 per minute. Participants are required to .
- time for the correct .
make a response when three consecutive odd Attention
. S . responses (ms) and false
or three consecutive even digits are displayed. alarms (number)
In this case, the task lasted for 5 min, with eight
correct target strings presented in each minute.

Rapid visual information
processing

All target words that were shown during Word

Delaved word presentation plus an equal number of decoys Accuracy (%) and
recz nition are displayed on the screen one at a time. reaction time for the Episodic memory
& Participants indicate if they remember seeing correct responses (ms)
the word earlier or not.
All target pictures shown during Picture
. presentation plus an equal number of decoys Accuracy (%) and
Dei}:c}’;;nils:re are displayed on the screen one at a time. reaction time for the Episodic memory

Participants indicate if they remember seeing correct responses (ms)
the picture earlier or not.

2.6. Caffeine Research Visual Analogue Scales

Prior to cognitive assessment, subjective state was assessed with the Caffeine Research Visual
Analogue Scales [38], which have previously been used in caffeine research [16,21,39]. The following
descriptors are presented on-screen: ‘relaxed’, ‘alert’, ‘jittery’, ‘tired’, ‘tense’, ‘headache’, ‘overall mood’,
and ‘mentally fatigued’. Participants are asked to rate how much these descriptors match their current
state by placing an ‘x’ on a line with the end points labelled ‘not at all” (left hand end) and ‘extremely’
(right hand end); with the exception of “headache’, which is labelled ‘no headache’ and ‘extreme
headache’; and ‘overall mood’, which is labelled ‘very bad’ and ‘very good’. Ratings are scored as %
along the line from left to right.

2.7. Computerised Location Learning—Learning Phase

Location learning was assessed with a computerised task modified from Kessels et al. [40].
Participants are shown a grid containing pictures of objects. Following a timed delay they are shown
an empty grid and asked to relocate the objects to the correct location shown to them previously. In
the current study, this was repeated five times during the learning phase, with objects presented for
15 s, a gap of 10 s before the empty grid was shown, and a pause of 5 s between each trial. For each
of the five learning trials, a displacement score is calculated as the sum of the errors made for each
object (calculated by counting the number of cells the object had to be moved both horizontally and
vertically in order to be in the correct location) from each trial. A learning index is also calculated as
the average relative difference in performance between trials [((A — B)/A + (B — C)/B+(C — D)/C +
(D —E)/D)/4].

2.8. Computerised Location Learning—Delayed Trial

During the delayed trial, which took place 30 min after completion of the learning phase,
participants are again asked to place the objects in the correct location on the empty grid with no
further prompting. The delayed trial is scored for displacement and delayed recall, which is calculated
as the difference between displacement score on the final learning trial and the delayed trial.

2.9. Driving Ability

A PC based driving simulation (Driving Simulator 2013, Excalibur Publishing Limited, Banbury
Oxfordshire, UK) was used to assess driving ability. Driving was controlled via a steering wheel and
pedals with gears set to fully automatic. The task lasted for 3 min and is scored on the basis of adhering
to road rules and driving ability. Specifically, the task is scored for errors, which are given when
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deviating too much from the track; deviating too much from the instructed directions; not indicating;
speeding; colliding. If the drive ended (either because of collision or because of exceeding 10 errors)
the task was restarted but no more than two restarts (three drives in total) were allowed.

2.10. Procedure

Potential participants attended the Brain Performance and Nutrition Research Centre at
Northumbria University for an initial screening session where they gave informed consent prior to
participation. Their eligibility was assessed in accordance with the criteria outlined in the ‘Participants’
section and training on the computerised tasks was provided. This consisted of five completions of
cognitive tasks and took place on a single day. Participants attended three study visits, separated
by at least seven days to allow for washout and to prevent confound due to caffeine abstention
instructions. These instructions required abstention from caffeine from noon the day before study
visits but this did not exceed 24 h in order to minimise any potential withdrawal effects. Consumption
of alcohol and over-the-counter medication was also restricted for 24 h (48 h in the case of systemic
antihistamines). On the morning of study visits, participants ate their usual breakfast at least 1 h
prior to arrival at the laboratory with the time and composition of breakfast standardised across
visits. Participants attended the laboratory at 9:45 a.m. and were screened to ensure eligibility for
testing that day, this included checking they were in good health and had adhered to instructions
regarding breakfast consumption, and caffeine, alcohol, and medication restrictions. A food diary was
used to aid with breakfast standardisation and a saliva sample was obtained to confirm adherence to
caffeine abstention instructions. All testing took place in a suite of dedicated temperature-controlled
university laboratories with participants visually isolated from each other and wearing noise-reduction
headphones to decrease the impact of any auditory distractions. Baseline assessments of cognition and
mood were completed and participants were then given their drink for that day. After 30 min of rest in
the laboratory, the learning phase of a computerised Location Learning Test (cLLT) was completed
before parallel versions of the tasks completed at baseline. This was followed by the delayed trial of the
cLLT, a driving simulation task and a final saliva sample for assessment of caffeine levels. At the end
of the final visit only, participants were asked to guess which drink they believed they had consumed
that day. See Figure 2 for a schematic depicting the study visit running order.
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Figure 2. Study visit timeline.
2.11. Statistics

The post-dose outcome measures were modelled using the MIXED procedure in SPSS (version 24.0,
IBM Corp., Armonk, NY, USA) which included the respective baseline values and the terms treatment,
age, sex, treatment x age, treatment x sex and treatment x age x sex as fixed factors. In the case
of computerised location learning and driving simulation, baseline values were taken from the final
training session. Significant effects were followed up with Bonferroni corrected pairwise comparisons.
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3. Results
3.1. Treatment-Related Effects

3.1.1. Salivary Caffeine

Baseline salivary caffeine values were 0.17 pg/mL, confirming adherence to caffeine abstention
instructions. A significant main effect of treatment was observed on post-dose salivary caffeine
(F(2,101.1) = 155.6, p < 0.0001). Pairwise comparisons revealed significantly greater levels following
caffeinated coffee compared to placebo (p < 0.0001) and decaffeinated coffee (p < 0.0001). See Figure 3.

Salivary caffeine

3.0

25 F— ®%%x —
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Figure 3. Adjusted means + standard error for salivary caffeine measured in pg/mL. Significant
treatment effect **** p < 0.001.

3.1.2. Digit Vigilance

A significant main effect of treatment was observed for digit vigilance accuracy (F(2, 101.1) = 4.44,
p = 0.014). Pairwise comparisons revealed significantly greater accuracy following regular coffee
compared to decaffeinated coffee (p = 0.01). See Figure 4a.

Digit vigilance reaction time was also significantly affected by treatment (F(2, 71.3) = 5.07,
p =0.009). Pairwise comparisons revealed significantly faster responses following regular coffee
compared to placebo (p = 0.009). See Figure 4b.
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Figure 4. Cont.
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c. RVIP reaction time
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Figure 4. Adjusted means + standard error for those cognitive measures showing significant effects of
treatment. (a) Digit vigilance accuracy; (b) Digit vigilance reaction time; (c) Rapid Visual Information
Processing (RVIP) reaction time. Accuracy is measured as % and reaction time in milliseconds. * p < 0.05;
**p <0.01.

3.1.3. Rapid Visual Information Processing

Rapid visual information processing reaction time showed a significant effect of treatment
(F(2,102.9) = 3.77, p = 0.026). This was due to significantly faster responses following regular coffee
compared to placebo (p = 0.02). See Figure 4c. A significant treatment X sex interaction was also
observed for false alarms (F(2, 93.3) = 4.55, p = 0.013) but pairwise comparisons revealed no
significant effects.

3.1.4. Computerised Location Learning Delayed Trial

Computerised location learning recall showed a significant treatment x sex interaction
(F(2,104) = 3.46, p = 0.035). However, pairwise comparisons revealed no significant effects.

3.1.5. Alert

Ratings of ‘alertness’ were significantly affected by treatment (F(2, 106) = 9.86, p < 0.0001). This was
due to significantly higher ratings following regular coffee (p < 0.0005) and decaffeinated coffee
(p = 0.0048) compared to placebo. See Figure 5a.

3.1.6. Tired

A significant main effect of treatment on “tired” ratings was also observed (F(2, 101.4) = 12.31,
p =0.0001). Pairwise comparisons revealed this was due to significantly lower ratings following
regular coffee compared to decaffeinated coffee (p = 0.003) and placebo (p < 0.0001). See Figure 5b.

3.1.7. Headache

A significant main effect of treatment on headache ratings (F(2, 92.9) = 6.31, p = 0.003) was due to
significantly lower ratings following regular coffee compared to decaffeinated coffee (p = 0.0049) and
placebo (p = 0.015). See Figure 5c.

3.1.8. Overall Mood

‘Overall mood” was significantly affected by treatment (F(2, 105.8) = 5.56, p < 0.005). This was due
to significantly higher ratings following regular coffee compared to placebo (p = 0.004). See Figure 5d.

50



Nutrients 2018, 10, 1386

3.1.9. Mental Fatigue

A significant main effect of treatment on ‘mental fatigue’ ratings was also observed
(F(2,97.5) = 4.43, p = 0.014). Pairwise comparisons revealed this was due to significantly lower ratings
following regular coffee compared to placebo (p = 0.01). See Figure 5e.

3.1.10. Jittery

A significant treatment x age x sex interaction was observed on jittery ratings (F(3, 76.2) = 3.01,
p =0.035). Pairwise comparisons revealed significantly higher ratings following regular coffee
compared to placebo in young females (p = 0.046) and compared to decaffeinated coffee in older
males (0.045). See Figure 5f.

Unadjusted means, standard deviations, and F and p values for all factors (treatment, age, sex)
and their interactions can be found in Tables S1-S3.
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Figure 5. Adjusted means + standard error for those mood measures showing significant
treatment-related effects. (a) Alert; (b) Tired; (c) Headache; (d) Overall mood; (e) Mental fatigue;
(f) Jittery. Ratings are measured as % along a visual analogue scale with higher values indicating
greater response. YM = young male; YF = young female; OM = older male; OF = older female; * p < 0.05;
*** p < 0.005; **** p < 0.001.
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3.2. Treatment Guess

Seventy-one percent of participants correctly guessed which drink they had received at the final
visit. Eighty-one percent correctly guessed they had received regular coffee, 72% correctly identified
decaffeinated coffee, and 58% were able to correctly identify placebo as their final drink.

4. Discussion

Consumption of 220 mL of regular coffee containing 100 mg caffeine led to faster responses
during digit vigilance and rapid visual information processing tasks when compared to placebo, and
to increased digit vigilance accuracy when compared to decaffeinated coffee. In terms of mood effects,
ratings of alertness and overall mood were higher and mental fatigue ratings lower following regular
coffee compared to placebo. Tiredness and headache ratings were lower following regular coffee
compared to placebo and decaffeinated coffee. Rating of jitteriness was the only outcome to show
an interaction with sex and age indicating higher ratings following regular coffee when compared to
placebo in young females and when compared to decaffeinated coffee in older males. Decaffeinated
coffee also engendered an increase in subjective alertness, compared to placebo, whereas accuracy
of digit vigilance and tired and headache ratings were impaired in comparison to regular coffee.
A beneficial effect of decaffeinated coffee was also observed following a treatment x age x sex
interaction, which indicated that ratings of jitteriness were significantly lower following decaffeinated
compared to regular coffee in older men. The pattern of response to decaffeinated coffee generally fell
between responses to regular coffee and placebo. Specifically, numeric working memory accuracy and
reaction time, reaction time for attention tasks and mood ratings, all followed the order of placebo >
decaffeinated > regular coffee (see Supplementary Tables), with the exception of relaxed and tense
ratings which showed a preferential effect of decaffeinated coffee.

The findings with regards regular coffee are largely in line with the reported effects of
caffeine, which only has a consistent beneficial effect on attention task performance and subjective
alertness/arousal [16-18]. Whilst this could be taken as support for the notion that caffeine is the
sole contributor to the effects, the finding of psychoactive effects of decaffeinated coffee, in terms of
increased alertness when compared to placebo and a pattern of lower effects than regular coffee in
comparison to placebo, supports the suggestion of a modulatory role for the non-caffeine compounds
within coffee. The effects of decaffeinated coffee presented here are broadly in line with previous
results showing impairment to accuracy of a sustained attention task in comparison to regular
coffee [25] and increases in alertness when compared to placebo and the phenolic acid CGA in
isolation [26]. Previous studies have highlighted CGA as a potentially important component of coffee.
However, whilst there is some evidence for beneficial modulation of coffee’s effects by increasing CGA
content [25], the effects of CGA in isolation were largely negative [26]. This potentially highlights
an issue in applying a reductionist approach to nutritional interventions where complex interactions
between many different components may be required to see optimum results. Although composition
is varied depending on roasting and brewing techniques, caffeine generally only accounts for ~1%
and CGA ~10% of the weight of coffee beans, this leaves almost 90% of the constituents unaccounted
for. It is also important to note that the CGA profile may be altered as part of the decaffeination
process and therefore any analysis of effects must take account of the impact of decaffeination on other
constituents [41].

The observed benefits for regular coffee are expected due to the known effects of caffeine
in antagonising adenosine A; and Ay, receptors thereby, increasing oxygen metabolism [42] and
upregulating various neurotransmitters including noradrenaline, dopamine, serotonin, acetylcholine,
glutamate, and GABA [15]. Caffeine and its metabolites also have a number of mechanistic properties
that make them liable to have a modulatory or interactive effect when caffeine is co-consumed with
other bioactive compounds. These include the inhibition of enzymes involved in the breakdown of
neurotransmitters (e.g., acetylcholinesterase and monoamine oxidase) and cellular signalling molecules
(e.g., phosphodiesterase and PARP (poly(ADP-ribose)polymerase)) [43,44] and a role as a competitive
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substrate for a number of cytochrome P450 (CYP) enzymes (CYP2A1, CYP2E1, and CYP1A1) that
metabolise endogenous and exogenous chemicals in the human body [45-47]. Of particular relevance
here, low-doses of caffeine have therefore been shown to increase the bioavailability of phenolic
compounds [48-50] and have a synergistic effect in terms of the cardiovascular benefits of polyphenols.

Coffee also has the potential to impact glucose metabolism as evidenced by an increase in insulin
sensitivity observed following decaffeinated coffee when compared to placebo [51]. Interestingly,
this effect was not apparent following regular coffee, which may be due to counteractive effects of
caffeine and non-caffeine components within regular coffee. Support for this comes from data showing
decreased insulin sensitivity following caffeine [52]. Moreover, area under the curve (AUC) profiles
for serum insulin indicate that caffeine increases AUC when compared to decaffeinated coffee and
placebo, whilst regular coffee produced a trend towards the same when compared to decaffeinated
coffee, with similar profiles evinced for glucose AUC [53]. CGA derivatives have been shown to
increase insulin sensitivity in rats [54], and further support for the role of phenolic compounds in this
effect comes from data showing modulation of glucose and insulin response following phenolic-rich
berries [55-57] as well as a reduction in the postprandial blood glucose response following grape
seed extract [58]. Similarly, caffeine is known to have a vasoconstrictive effect, including reduced
cerebral blood flow (CBF) [39], whereas phenolic-rich foods have demonstrated the opposite effect.
Of particular relevance is the ability of phenolic-rich cocoa to increase CBF when compared to a
phenolic-poor control matched for methylxanthine content [59,60]. These findings indicate the ability
of coffee components to counteract the negative effects of caffeine and a potential synergy whereby
phenolic compounds increase CBF, and therefore oxygen supply, whilst caffeine increases brain activity
and subsequent oxygen metabolism. It is also possible that caffeine increases absorption of phenolics
as has been shown following consumption of cocoa [48] but is as yet untested following coffee.

A further consideration is that due to a focus on psychoactive effects of caffeine, the cognitive
and mood effects of coffee have typically been measured at 30 to 120 min post-dose coinciding with
a peak in caffeine levels at around 40-min post-ingestion [61]. However, analysis of the fate of CGA
following coffee consumption shows that whilst a number of phenolic acids and their derivatives
peak between 30 and 60 min, others do not appear until between 4- and 6-h post-ingestion [62].
It is therefore necessary to extend the testing period in order to fully examine the impact of these
metabolites. This is also true in relation to caffeine, which has a half-life of around 5 h [63], and has
demonstrated behavioural effects up to 8 h post-dose [64]. It is therefore probable that any effects of
coffee observed at 6-h would represent an interaction between phenolic acids and caffeine and the
measurement of biomarkers would aid in elucidating the role of each.

Learning and episodic memory tasks showed the expected effect in terms of significantly lower
performance in the older cohort when compared to young (see Supplementary Tables). However,
no interactions between age and treatment were observed on any cognitive measure. Whilst learning
and memory are not typically susceptible to caffeine, it has been proposed that these tasks may show
sensitivity in low arousal situations as is expected in the elderly as energetic resources diminish [65].
However, in the current study there was no evidence of higher arousal in the young sample when
compared to the older participants on subjective measures of ‘arousal” or psychomotor tasks. This may
suggest that the older cohort studied here were relatively high functioning, as is supported by their
status being higher than national averages both in relation to fruit and vegetable consumption and
education level [66]. It has also been suggested that cognitive benefits of caffeine consumption
may be more pronounced in those aged over 80 years [31,67]. Therefore, the findings reported here
do not preclude interaction effects in an older sample with poorer nutritional status and/or lower
education level.

Similarly, although sex differences were observed in the current study, these did not interact
with treatment as may have been expected from data showing greater benefits of coffee consumption
in women than men [30]. However, the potential mechanisms underlying sex differences following
habitual consumption, including sex steroid levels [68,69], haemodynamic mechanisms [70], and uric
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acid responses [71,72], are unlikely to exert effects over a 30-min time period. Furthermore, given
the impact of the menstrual cycle and hormonal contraception on metabolism, it is possible that any
differential sex effects in the younger cohort were obscured by the lack of control for menstrual cycle
phase and the inclusion of four hormonal contraceptive users in this study. This also potentially
explains large variations in salivary caffeine following regular coffee in young females that were not
observed in the young male group. Similar large variations in response were shown for older men
and women indicating individual differences in response to caffeine. This variability is largely due to
differences in CYP1A2 activity, which is influenced by a number of factors including sex and genetic
polymorphisms [73].

Polymorphisms of the ADORA2A gene may only explain the age, sex, treatment interaction,
which indicated that older men and younger women experienced greater feelings of jitteriness
following regular coffee. It has previously been reported that those who are T/T homozygous
at nucleotide positions 1976C > T and 2592Tins experience increases in anxiety after caffeine
administration that are not observed in the other genotypic groups [74,75]. Moreover, sex differences
in response have been noted for 1976TT homozygotes, whereby females are more susceptible to
anxiogenic effects of caffeine than males [76,77]. Interestingly, whilst there is evidence for reduced
caffeine intake in 1976TT homozygotes [78], others have shown that intake of coffee, but not other
sources of caffeine, is increased. It was also shown that increased habitual consumption moderated
anxiogenic effects of caffeine such that they were only observed in non/light consumers of caffeine,
irrespective of genotype [79]. This indicates that even in those with a genetic predisposition, tolerance
to anxiogenic effects can occur with habitual consumption. As the older men in the current study
consumed less coffee than their female counterparts, this may in part explain the specificity of ‘jittery’
effects observed here. However, there are a multitude of factors that impact on interindividual
differences [80], which require further exploration before definitive conclusions can be reached.

In the current study, although the addition of a true placebo builds on research previously limited
to comparing effects following caffeinated and decaffeinated coffee, one important limitation is the
omission of a caffeine-only arm. The inclusion of a caffeine-only condition would have allowed a
direct comparison of any synergistic effects between caffeine and the other bioactive compounds
in coffee, including the phenolic compounds. It may also have facilitated in blinding of drinks.
Although the placebo drink in the current study was somewhat effective in that 42% incorrectly
identified it, only 1 of 19 participants mistook it for regular coffee. It is important to note that this
measure was only included at the end of the final visit when all three drinks had been consumed and,
therefore, does not rule out the blinding of participants at earlier visits. However, as the stimulant
effects of caffeine are easily detected, the inclusion of a caffeine-containing ‘placebo” would provide an
active control for regular coffee and reduce the ability of participants to correctly identify regular coffee.

The findings presented here suggest behavioural activity of coffee beyond its caffeine content.
In fact, only one cognitive measure and two subjective measures showed significant differences
between regular and decaffeinated coffee in favour of regular coffee. This highlights two key issues
with studies which compare regular and decaffeinated coffee. Firstly, these studies attribute any
differential effects to caffeine without considering the potential for interaction with other components.
Secondly, any synergistic effects of caffeine and other coffee components within regular coffee are
likely to be underestimated due to the potential for behavioural effects of decaffeinated coffee used as
the control. If the effects of regular coffee are to be fully understood, it is important that future research
compares these to the equivalent dose of caffeine, decaffeinated coffee, and placebo. Furthermore,
research in this area must include plasma levels of potentially important compounds, including
phenolic compounds. This would allow assessment of the impact of caffeine on the pharmacodynamic
profile of other components in coffee. An extended testing period is also recommended in order to
capture effects of colonic metabolites of phenolics appearing at ~8 h. Further research is also required
in which cognition is measured alongside potential underlying mechanisms including, but not limited
to, glucoregulation and modulation of cerebral haemodynamics. Finally, in order to capture the impact
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of interindividual differences in metabolism of caffeine and other components of coffee on behavioural
outcomes, genetic factors should also be considered.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6643/10/10/1386/
s1, Table S1: saliva; Table S2: cognition; Table S3: mood.
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Abstract: Background: Nicotinamide adenine dinucleotide (NADH) dehydrogenase subunit-2 237
leucine/methionine (ND2-237 Leu/Met) polymorphism has been shown to modify the association of
coffee consumption with the risk of hypertension, dyslipidemia, and abnormal glucose tolerance,
and low serum chloride levels have been shown to be associated with all-cause and cardiovascular
disease mortality. Therefore, the purpose of the present study was to investigate whether ND2-237
Leu/Met polymorphism influences the association of coffee consumption with serum chloride levels
in male Japanese health checkup examinees. Methods: From among individuals visiting the hospital
for a regular medical checkup, 402 men (mean age + standard deviation, 53.9 & 7.8 years) were
selected for inclusion in the study. After ND2-237 Leu/Met genotyping, we conducted an exploratory
cross-sectional study to examine the combined association of ND2-237 Leu/Met polymorphism and
coffee consumption with serum electrolyte levels. Results: After adjusting for age, body mass index,
habitual smoking, alcohol consumption, green tea consumption, and antihypertensive medication,
coffee consumption significantly increased serum chloride levels (p for trend = 0.001) in men with
the ND2-237Leu genotype. After these adjustments, the odds ratios (ORs) for low levels of serum
chloride, defined as <100 mEq/L, were found to be dependent on coffee consumption (p for trend =
0.001). In addition, the OR for low levels of serum chloride was significantly lower in men with the
ND2-237Leu genotype who consumed >4 compared with <1 cup of coffee per day (OR = 0.096, 95%
confidence interval = 0.010-0.934; p = 0.044). However, neither serum chloride levels nor risk of low
levels of serum chloride appeared to be dependent on coffee consumption. Conclusions: The results
suggest that ND2-237 Leu/Met polymorphism modifies the association of coffee consumption with
serum chloride levels in middle-aged Japanese men.
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1. Background

Coffee intake has been shown to be a favorable health behavior [1-3], and habitual consumption
(3—4 cups per day) is more likely to benefit than to harm health [3]. Several recent meta-analyses
of prospective studies have reported finding an inverse relationship between habitual coffee
consumption and both all-cause [3-6] and cardiovascular disease (CVD) [4,5] mortality. In addition,
Rodriguez-Artalejo and Lopez-Garcia reported that habitual consumption of 3-5 cups of coffee per
day reduces the risk of CVD by 15%, and that habitual consumption of >3-5 cups per day does not
elevate the risk of CVD [7].

A population-based co